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Human milk lipids, which are an important source of energy and affect growth and development of infants, require a comprehensive method for its qualitative and quantitative analysis. This work describes a method for the analysis of phospholipids, glycerides, free fatty acids and gangliosides in human milk by ultra-performance liquid chromatography using a C18 column with quadrupole-time-of-flight mass spectrometry (Q-TOF-MS). The lipids were extracted by liquid-liquid extraction and phospholipids were separated by solid phase extraction (SPE). The chromatographic columns with two different specifications (4.6 mm × 150 mm, and 3 mm × 50 mm) were used to detect phospholipids and glycerides in human milk, respectively. The sphingolipids and glycerides were analyzed in positive ion mode, and the glycerophospholipids and free fatty acids were analyzed in negative ion mode. Both internal and external standards were used for absolute quantification in this experiment. 483 species of lipids, including phospholipids, glycerides, free fatty acids and gangliosides, in human milk were analyzed using UPLC-Q-TOF-MS with high sensitivity and good linearity, with coefficient of correlation above 0.99, the relative standard deviation of accuracy and precision less than 10%. The results in a large number of human milk samples showed that this method was suitable for qualitative and quantitative analysis of lipids in human milk, even for other mammalian milk and infant formulae.
Keywords: UPLC-Q-ToF-MS, human milk, lipids, phospholipids, glycerides, gangliosides, quantification
1 INTRODUCTION
Lipids are generally defined as a group of organic compounds in living organisms, most of which are insoluble in water but soluble in non-polar organic solvents. Lipids are one of the important nutrients that supply energy and essential fatty acids for the body. Fahy, et al. (2008) categorized lipids into eight classes: fatty acids, glycerides, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and polyketides. For human milk, lipids account for 3%–5%, which are the second largest component including 98%–99% glycerides, 0.26%–0.80% phospholipids (including glycerophospholipids and sphingolipids), 0.08%–0.40% free fatty acids, 0.25%–0.34% cholesterol and 0.001% gangliosides (Delplanque et al., 2015; Zou et al., 2017; George et al., 2018). Studies have shown that the composition of human milk lipids affects growth and development of infants and young children. As for infants and young children, 45%–55% of daily energy is provided by lipids (Caudill, 2010; Contarini and Povolo, 2013). Phospholipids are an indispensable component of cell membrane and organelle membrane, and can resist various metabolic diseases (Verardo et al., 2017). Human milk lipids also play an important role in infants’ cell proliferation, small intestine cell maturation, intestinal function, nerve and brain development, immunity and resistance to pathogen invasion, signal transduction, etc., (Sánchez-Juanes et al., 2009; Gallier et al., 2010; Koletzko, 2016). Therefore, it is necessary to comprehensively profile the lipids in tissue samples.
Presently, the traditional liquid-liquid extraction (LLE) methods, including Folch method (Folch et al., 1957) and Bligh & Dyer method (Bligh and Dyer, 1959), are the commonly used methods for lipids extraction, in which chloroform and methanol are both involved. Dichloromethane is also used in some studies (Castro-Gómez et al., 2014; Claumarchirant et al., 2016; Liaw et al., 2016; Yangbo, 2016). Several classes of lipids were extracted by LLE method separately, and the all classes of lipids including phospholipids, glycerides, free fatty acids and gangliosides were extracted by different human milk sample (McJarrow et al., 2019; Liu et al., 2020; Xu et al., 2020; Song et al., 2021; Zhang et al., 2021). Recently, liquid chromatography-mass spectrometry (LC-MS) has been widely used in lipids analysis. The technology of electronic spray ionization-mass spectrometry (ESI-MS) has been widely used in the analysis of lipids for the structure information (Han and Gross, 1994; Han and Gross, 2001; Schwudke et al., 2006). Time of flight-mass spectrometry (TOF-MS) has the advantages of fast scanning speed, fast ion transfer rate and high sensitivity. With the combination of the above two technologies, the accuracy of profiling lipid in complex samples could be effectively improved (Mirsaleh-Kohan et al., 2008; Zhao et al., 2021). Presently, most of the studies extract and detect glycerides, phospholipids and gangliosides by TOF-MS, respectively (Ten-Domenech et al., 2015; Ali et al., 2017; Tu et al., 2017; Jiang C. et al., 2018; George et al., 2020; Bukowski and Picklo, 2021; Song et al., 2021).
Human milk is the gold standard for design of infant formula. Because human milk lipids are affected by maternal genes, diet, environment and other factors (Liaw et al., 2016; Vieira et al., 2018), it is necessary to establish the database of human milk lipids by profiling their representative samples. However, due to the small collection volume of human milk, especially colostrum, the establishment of a human milk lipid database relies on methods which could extracted phospholipids, glycerides, free fatty acids and ganglosides. Therefore, it is necessary to study low volume of human milk with the methods.
This study aims to separate and detect human milk lipids with a method that combines solid phase extraction (SPE), ultra-performance liquid chromatography/quadrupole-time-of-flight mass spectrometry (UPLC-Q-TOF-MS), and electrospray ionization source (ESI). This method enables qualitative and quantitative analysis of lipids, including free fatty acids (FFA), triacylglycerols (TAG), diacylglycerols (DAG), phosphatidylcholine (PC, including LPC (lysophosphatidylcholine)), phosphatidylethanolamine (PE, including LPE (lysophosphatidylethanolamine)), phosphatidylinositol (PI, including LPI (lysophosphatidylinositol)), phosphatidylserine (PS, including LPS (lysophosphatidylserine)), phosphatidylglycerol (PG, including LPG (lysophosphatidylglycerol)), phosphatidic acid (PA, including LPA (lysophosphatidic acid)), sphingomyelin (SM), ceramides (Cer) and ganglioside (GM3 and GD3). This study is intended to provide the method for the analysis of human milk lipids at molecular level and serve as a reference for the subsequent optimization of infant formulae.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Methanol, acetonitrile, isopropanol, dichloromethane, chloroform and ammonium acetate were all of LC-MS grade, and purchased from Thermo Fisher Scientific (United States). The standards of phospholipids, including phosphatidylcholine (PC, 18:0/18:2 and 14:1/17:0), phosphatidylethanolamine (PE, 18:0/18:2 and 14:1/17:0), phosphatidylinositol (PI, 16:0/18:1 and 14:1/17:0), phosphatidylglycerol (PG, 16:0/18:1 and 14:1/17:0), sphingomyelin (SM, d20:1/24:0 and d17:0/18:1) and ceramide (Cer, d18:1/24:1 and d18:2/24:0), were purchased from Avanti Polar Lipids (United States). The standards of glycerides, including triacylglycerols (TAG, 16:0/18:1/18:1 and d5-18:1/18:1/18:1), were purchased from Larodan AB (Sweden) and Shanghai ZZBIO (China), respectively. ProElut Silica (1 g/6 ml) gel bonded cartridges were purchased from Dikma Technologies (United States).
2.2 Samples collection
Human milk samples were collected from healthy Chinese women. All the volunteers provided three samples including colostrum of 0–5 d, transitional milk of 10–15 d and mature milk of 30 d. All the volunteers had normal physical indicators whose infants were delivered at full term (38–42 weeks of gestation) without congenital or genetic disease. The milk sample was collected from one breast at morning according to a standardized sample collection instruction. The collected human milk was stored at the -80°C refrigerator for later use. The study was approved by Ethics Committee of Beijing Ditan Hospital affiliated to Capital Medical University (#2015-027-01), and all the subjects signed on the informed consent form. The study was also registered at clinicaltrials.gov (with Registration No: NCT02658500).
Bovine milk, goat milk, camel milk, horse milk, and donkey milk were purchased from producers in Beijing, Dalian, Alxa, Urumqi and Jinan, respectively. Infant formulae were purchased from a supermarket in Beijing.
2.3 Extraction of lipids from human milk
The lipid extraction procedure was established according to the Bligh & Dyer method (Bligh and Dyer, 1959) with minor modifications. The standards were dissolved to appropriate concentrations with methanol/dichloromethane (1:1, v/v) solution of 5 mM ammonium acetate. Infant formula (1.0 g) was dissolved in ultrapure water (9.0 ml) before extraction. The 200 µL of sample was mixed with the internal standards of 20 μL PC 14:1/17:0 (10.38 mg/L), 20 μL PE 14:1/17:0 (9.64 mg/L), 20 µL SM d17:0/18:1 (10.00 mg/L), 8 µL PI 14:1/17:0 (10.22 mg/L), 4 μL PG 14:1/17:0 (9.81 mg/L), 4 µL Cer d18:2/24:0 (10.00 mg/L) and 20 µL d5-TAG 18:1/18:1/18:1 (4000 mg/L).
First LLE: The mixture mixed with 200 μL ultrapure water, 2 ml methanol and 900 μL dichloromethane were subjected to vortex mixing for seconds, and then 200 μL ultrapure water and 900 μL dichloromethane were added and vortex mixed again. The mixture was centrifuged at 6000 rpm for 15 min to separate the organic phase and aqueous phases.
Second LLE: The aqueous phase extracted by first LLE was mixed with 1.8 ml dichloromethane and centrifuged at 6000 rpm for 15 min to separate the organic phase and aqueous phases.
Third LLE: The organic phase extracted by first LLE was mixed with 1 ml ultrapure water, 2.2 ml methanol and 600 μL dichloromethane and centrifuged at 3000×g for 10 min to separate the organic phase and aqueous phase.
The organic phases obtained from the second and third LLE, as well as the aqueous phase obtained from the second and third LLE were then combined and blown to dry with nitrogen, respectively. The samples from the dried aqueous phase were redissolved in 200 μL methanol/ultrapure water (4:1, v/v) solution for gangliosides detection. And the samples from the dried organic phase were redissolved in 1 ml of methanol/dichloromethane (1:1, v/v) solution of 5 mM ammonium acetate. 50 μL reconstitution sample were diluted 200 times with methanol/dichloromethane (1:1, v/v) solution of 5 mM ammonium acetate for direct detection of glycerides. The other 950 μL reconstitution sample were extracted by solid phase to obtain polar lipids (Ali et al., 2017) as the following.
Firstly, the solid phase (silica cartridges) was activated with 3 ml n-hexane, then 950 μL reconstitution sample was poured into the cartridges, and kept still for 5 min. The non-polar lipids were eluted by 3 ml of hexane/diethyl-ether (8:2, v/v) and 3 ml of hexane/diethyl-ether (1:1, v/v). The polar lipids were eluted with 4 ml of methanol and 4 ml of chloroform/methanol/ultrapure water (3:15:2, v/v/v). The eluted liquid were blown to dry with nitrogen, and redissolved in 190 μL methanol/dichloromethane (1:1, v/v) solution of 5 mM ammonium acetate for the analysis of phospholipids.
2.4 Separation conditions by liquid chromatography
The human milk phospholipids were separated on a Kinetex C18 column (Phenomenex, 4.6 mm × 150 mm, 2.6 μm). The injection volume of 2 μL, and the column temperature of 30°C were adopted as the chromatographic conditions. The water/methanol/acetonitrile (v/v/v, 1:1:1) solution of 5 mM ammonium acetate was used as mobile phase A, and the isopropanol solution of 5 mM ammonium acetate was used as mobile phase B. The flow rate was 0.8 ml/min within a total run time of 20 min. The elution gradient was as follows: 0 min, 50% B; 1.0 min, 98% B; 10.0 min,98% B; 15.0 min, 50% B; 20 min, 50% B.
The human milk glycerides were separated on a Kinetex C18 column (Phenomenex, 3 mm × 50 mm, 2.6 μm). The injection volume of 2 μL, and the column temperature of 50°C were adopted as the chromatographic conditions. The water/methanol/acetonitrile (v:v:v, 1:1:1) solution of 5 mM ammonium acetate was used as mobile phase A, and the isopropanol solution of 5 mM ammonium acetate was used as mobile phase B. The flow rate was 0.3 ml/min within a total run time of 10 min. The elution gradient was as follows: 0 min, 50% B; 5.0 min, 98% B; 8.0 min,98% B; 8.01 min, 50% B; 10 min, 50% B.
The human milk gangliosides were separated on a BEH C18 column (Waters, 2.1 mm × 100 mm, 1.7 μm). The injection volume of 10 μL, and the column temperature of 50°C were adopted as the chromatographic conditions. The methanol/water (v/v, 1:9) solution of 1 mM ammonium acetate was used as mobile phase A, and the methanol solution of 1 mM ammonium acetate was used as mobile phase B. The flow rate was 0.3 ml/min within a total run time of 14 min. The elution gradient was as follows: 0 min, 90% B; 0.13 min, 90% B; 3.13 min, 95% B; 4.13 min, 95% B; 6.27 min, 100% B; 12.27 min, 100% B; 12.40 min, 90% B; 14.00 min, 90% B.
2.5 Detection conditions of Q-TOF mass spectrometry
The Triple TOF 6600 instrument of AB SCIEX Company was used for detection of human milk phospholipids, glycerides and free fatty acids with ESI source in positive and negative ion modes. MS and MS/MS data were scanned in the range of 50–1300 m/z. The spray voltage of ion source was 5500 V, the declustering potential was 80 V, and the collision energy was 10 V in positive ion mode. And the spray voltage of ion source was −4500 V, the declustering potential was −80 V, and the collision energy was −10 V in negative ion mode. The gas pressure of ion source was 60 psi, the curtain gas pressure was 35 psi and the temperature of ion source was 650°C in both positive and negative ion modes.
The Q-TOF-MS instrument was used for detection of human milk gangliosides with ESI source in negative ion modes. MS and MS/MS data were scanned in the range of 100–2000 m/z. The spray voltage of ion source was −4500 V, the declustering potential was −40 V, and the collision energy was −40 V. The gas pressure of ion source was 40 psi, the curtain gas pressure was 15 psi and the temperature of ion source was 400°C.
2.6 Data analysis
The data collected by the Analyst 1.7.1 software were qualitatively analyzed by PeakView 2.2 software according to the fragments of lipids and were quantitatively analyzed by MultiQuant 3.0.2.
The methods for both internal and external standards were used for accurate quantification of phospholipids and glycerides in this experiment. Calibration curves were plotted with the gradient external standards as the abscissa and the ratio between the corresponding areas of external and internal standards as the ordinate. The peak areas of the internal standards, human milk phospholipids and human milk glycerides were integrated from extracted ion chromatograms (EICs). Each lipid class was quantified by one corresponded pair internal-external standard The final concentrations of lipids were expressed in mean ± standard deviations (mg/L).
2.7 Method validation
Human milk, and external and internal standards of lipids were used to determine the accuracy, precision, sensitivity, and linearity of the method to validate the method. The limit of detection (LOD) and the linear range of phospholipids and glycerides were determined using internal and external standards. The sensitivity was measured using LOD for each lipid from triplicate measurements. A series of eight dilutions were prepared for phospholipids and glycerides. A gradient series of external and internal standards from 0.001 to 5 mg/L were analyzed in triplicate to evaluate the linearity.
The sample without external standards was set as matrix and the recovery of added external standards was studied at the content similar to the sample. All of the samples need to spike internal standard whose concentrations were written on 2.3.1 and six parallel samples were determined. Three specific concentration levels of external standards of each lipid were as follows: PC, PE: 5 mg/L, 2.5 mg/L, 1.25 mg/L, PI: 0.8 mg/L, 0.4 mg/L, 0.2 mg/L, PG, Cer: 0.4 mg/L, 0.2 mg/L, 0.1 mg/L, SM: 2 mg/L, 1 mg/L, 0.5 mg/L, OPO: 8000 mg/L, 4000 mg/L, 2000 mg/L. The accuracy was evaluated from recovery rate (%). Accordingly, the recovery rate was calculated from the peak area obtained. The precision was estimated by determining low, medium, and high concentrations of external standards of lipids, which was calculated as the relative standard deviation (RSD) of each lipid from six injections. The repeatability of the method was determined by repeated analysis of human milk quality control samples in each batch of analysis carried out on different days over the course of this study. Three parallel samples were prepared for the investigation of repeatability among 3 days.
3 RESULTS
3.1 Optimization of extracting solvents of lipids
Traditional lipid extraction method is mostly based on LLE introduced by Folch et al. (1957) and modified by Bligh and Dyer (Bligh and Dyer, 1959; Garwolinska et al., 2017), which requires substantially large volumes of toxic organic solvents such as chloroform. In this method, lipids was extract from human milk with dichloromethane instead of chloroform, because dichloromethane was less toxic than chloroform (Wernke and Schell, 2004).
The extraction procedure used in the current study was selected by comparing the results in the species number of extracted lipids. Different lipid extraction solvents were tested in the experiment, and each assay was performed in triplicate. Table 1 shows the species number of lipids in human milk extracted by dichloromethane and chloroform, respectively. Compared with chloroform, dichloromethane could extract more species of human milk lipids.
TABLE 1 | Species numbers of human milk lipids extracted by different extraction solvents.
[image: Table 1]In terms of the number of lipid species, dichloromethane could extract more species of phospholipids (except PA), glycerides and free fatty acids, while chloroform was good at extracting lysophospholipids and sphingolipids. Chloroform only extracted three unsaturated phospholipids, which accounted for 8.8% in the species amount of total glycerophospholipids. High-content glycerophospholipids such as PC 36:2, PE 36:2 and PI 36:2 (Zhao et al., 2021) were not extracted by chloroform. Unsaturated fatty acids, especially polyunsaturated fatty acids, play a crucial role in infant growth, and the development of brain and vision (Glaser et al., 2015; Kevin et al., 2016). Most of the phospholipids in human milk contain unsaturated fatty acids (Lee et al., 2011; Ali et al., 2017; Ingvordsen Lindahl et al., 2019). If a few species of unsaturated phospholipids can be detected by chloroform, it will affect the qualitative and quantitative analysis of phospholipids in human milk. As an extraction solvent, dichloromethane not only can extract more species of lipids, but also has lower toxicity than chloroform. Therefore, dichloromethane is chosen to extract lipids from human milk.
3.2 Identification of lipids
Various informative fragments in MS/MS mode can be used to differentiate lipid classes and species. Due to the structural diversity of lipids, it is necessary to combine positive and negative ion modes to achieve a comprehensive and clear identification. The optimum instrument detection conditions of human milk phospholipids were decided by MS/MS fragment. Figure 1 shows the mass to charge ratios and retention time range of each lipid class in human milk.
[image: Figure 1]FIGURE 1 | (A) Retention time and mass to charge ratios of phospholipids in human milk; (B) Retention time and mass to charge ratios of glycerides and free fatty acids in human milk; (C) Retention time and mass to charge ratios of gangliosides in human milk.
tThe glycerides were identified in positive ion mode with the adduct ion of “+NH4”, and the produced fragments included [M − R1] +, [M − R2]+and [M − R3]+in MS/MS. For DAG, one fatty acyl was replaced by oxhydryl. The fatty acyl composition could be calculated by subtracting the fragments from glycerides, respectively (Supplementary Figure S1). Free fatty acid could be directly identified under negative ion mode with [M – H] – fragment (Supplementary Figure S1). Under the negative ion mode, the adduct ion of PE, PG, PI, PS and PA was “-H+” and that of PC was “+CH3COO−“. The adduct ion of sphingolipids was “+H+” under positive ion mode (Table 2). For PE and PS, the fragment of fatty acyl was produced under negative ion mode and the fragment of phospholipids residue losing a head group was identified in positive ion mode (Supplementary Figures S2, S3). MS/MS spectra of PI, PG, PA demonstrated abundant ions corresponding to the loss of fatty acyl [R1]-and [R2]-under negative ion mode but no characteristic fragment under positive ion mode (Supplementary Figures S4–6). Therefore, PE, PG, PI, PS and PA were identified under negative ion mode so that the fatty acids composition could be identified easily. For PC and SM containing choline, the phosphocholine fragment ion m/z 184 was produced under positive ion mode (Supplementary Figures S7, S8). Under negative ion mode, the characteristic fragments of PC lost fatty acyl [R1]-and [R2] -, however, no characteristic fragment of SM was observed. The LCB-2H2O (long chain base) ion in positive ion mode (+H+) and [R1]-in negative ion mode (-H+) was allowed for the characterization of detailed structure of Cer (Supplementary Figure S9). The extracted ion chromatogram (XIC) had better base line and chromatographic peak in negative mode, but the fatty acid anions intensity is low. The characteristic fragment ion m/z 264 or 266 showed that the corresponding LCB-2H2O included oleic acid (C18:1) or stearic acid (C18:0), respectively.
TABLE 2 | Characteristic fragments of lipids by UPLC-Q-TOF-MS.
[image: Table 2]For phospholipids, the characteristic fragments of sphingolipids and glycerophospholipids need to be collected in positive and negative ion mode, respectively. Thus, the chromatographic method was established based on two consecutive separations of phospholipids by LC. The method was used in the positive ion mode for the first run followed by a data dependent MS-MS analysis, and then the same chromatography method was used for reanalysis in the negative ion mode for the second run. Glycerides (positive ion mode) and free fatty acids (negative ion mode) were detected in the same way as phospholipids.
The gangliosides were identified in negative ion mode, the adduct ion of GM3 was “-H” and GD3 was “-2H 2-“. And sialic acid fragment ion m/z 290 was produced as the characteristic fragment of GM3 and GD3 (Supplementary Figure S10).
All in all, lipids qualitative analysis used m/z with adduct ion to extract secondary mass spectra from TIC and the corresponding characteristic fragments were used to identified lipids species. The typical extracted ion chromatogram of lipids were shown in Supplementary Figure S11. The characteristic fragments of each class of lipids were shown in Table 2. Although some lipids that mass to charge were similar (Figure 1), they have the different headgroup or fatty acids composition. Thus, this qualitative analysis method could distinguish lipids species clearly and ensure the reliability of results.
3.3 Method validation
According to the contents of various lipids in human milk, the external standards of different concentrations were prepared, a gradient series of external and internal standards were analyzed in triplicate to evaluate the linearity. The standard curves were plotted with the gradient concentration of external standards as the abscissa and the corresponding area ratio between external and internal standards as the ordinate. The regression equations and coefficient of determination R2 are shown in Table 3. Among the concentration range of phospholipids and glycerides, the correlation coefficients are all above 0.99 within the working range. LOD is defined as the smallest amount of a lipid that could be identified from the characteristic fragments required for qualitative analysis. The LODs for most lipids were well below 0.001 mg/L (Table 3), demonstrating high sensitivity of this method.
TABLE 3 | LOD, LOQ, linearity of lipid standards and corresponding internal standards.
[image: Table 3]Human milk sample was used as a matrix in the experiment to measure recovery. It was determined that the spiked samples of three-level standards were within the working range. Three specific concentration levels of external standards of each lipid were determined 6 times. The average recovery rate of various lipids was 79.21%–117.98%. The experimental results (Table 4) showed that the analytical method could meet the quantitative detection requirements. The precision of the method was evaluated using the mixed lipid standards. Mixed lipid standards were prepared and determined 6 times during the day and night, respectively. The relative standard deviation (RSD) of the lipids concentration was 1.98%–9.80%. It could be known from the result shown in Table 4 that the instrument method had good precision. Through the detection of the same human milk sample for 3 days, it could be seen that the RSD of this method was 6.35%–12.89%, which was less than 15% and could meet the requirement of mass spectrometry repeatability.
TABLE 4 | Repeatability (RSD, %) of standards and sample.
[image: Table 4]3.4 Application of the method in human milk, other mammalian milk, and infant formulae
Figure 2; Figure 3 showed the result of 57 human milk samples, including colostrum, transitional milk and mature milk. The species of phospholipids, glycerides, free fatty acids and gangliosides were qualitatively analyzed, and the concentrations of phospholipids, glycerides were absolutely quantitatively analyzed by internal standard method.
[image: Figure 2]FIGURE 2 | Species number of human milk lipids at different lactation stages.
[image: Figure 3]FIGURE 3 | Concentrations of human milk lipids at different lactation stages.
In the human milk, there were totally 483 species of lipids, including 21 species of PC, 60 species of PE, 18 species of PI, 21 species of PS, 20 species of PG, 24 species of PA, 46 species of SM, 35 species of Cer, 29 species of DAG, 148 species of TAG, 23 species of FFA, 26 species of GM3 and 12 species of GD3. The list of lipids identified in human milk were shown in Supplementary Tables S1–3. In the transitional milk, the species of total lipids were the most abundant. Among three lactation stages, the species number of glycerides in mature milk was the most, the species number of PC, PE, PI, and PA in transition milk was the most, the species number of PG, SM, and Cer in colostrum milk was the most, and the species number of PS was basically stable in three lactation stages. The species of DAG in transitional milk and mature milk were significantly higher than those in colostrum, and the species of PA in transitional milk were significantly lower than those in colostrum and mature milk. There was no significant difference between the species of Cer in transitional milk and those in mature milk, but the species of Cer in colostrum were significantly higher than those in mature milk.
The internal standards of PS, PA, FFA, GD3 and GM3 were not added; therefore, they were not accurately quantified in this study. The concentrations of TAG were higher than those of other lipids in human milk, it accounted for more than 98% of the lipids measured, with concentration significantly increased from 15441.6 mg/L in colostrum to 35996.3 mg/L in mature milk. Meanwhile, the concentrations of SM were higher than that of other phospholipids in human milk, accounting for more than 44% of the phospholipids measured, with concentration increased from 76.9 mg/L in colostrum to 79.7 mg/L in mature milk. In addition, the concentrations of DAG increased with the lactation phase, and the concentrations of other phospholipids decreased with the lactation phase.
Top ten lipids of average concentration in three stages were shown in Figure 4; Figure 5, the species of top ten glycerides and phospholipids were a bit different among three stages. Only four TAGs, including TAG 48:4, TAG 50:2, TAG 52:2, and TAG 54:4 was detected in all of the human milk samples. The glycerides of TAG52:3, TAG52:2, TAG 52:4, and TAG 54:4 had the highest concentrations which totally accounted for more than 31.6% in all glycerides and increased gradually among three stages. The concentrations of TAG 46:1, TAG 48:2, and TAG 48:4 in transitional milk and mature milk were significantly higher than those in colostrum. There was no significant difference between the concentrations of TAG 52:1, TAG 52:2, and TAG 54:4 in mature milk and those in transitional milk, but the concentration of those in mature milk were significantly higher than those in colostrum.
[image: Figure 4]FIGURE 4 | Average concentrations of top ten human milk glycerides at different lactation stages.
[image: Figure 5]FIGURE 5 | Average concentrations of top ten human milk phospholipids at different lactation stages.
The concentrations of PC 36:2, PE 36:2 and SM 42:2;2 were the highest among all PC, PE and SM in three stages, respectively. Although the concentrations of PI 38:4 was highest among PIs molecular species in colostrum, it was the second highest in transitional milk and mature milk while that of PI 36:2 was the highest. Only SM 34:1;2 and SM 42:2;2 were detected in all of the human milk samples. The phospholipids of SM 42:2;2 had the highest concentration which accounted for more than 11.1% in all phospholipids among three stages and the proportion of the top ten lipids in total lipids gradually increased. The concentrations of PC 34:1, PC 34:2, and SM 34:1;2 in transitional milk and mature milk were significantly lower than those in colostrum. There was no significant difference between the concentrations of PI 38:4 and SM 38:1;2 in mature milk and those in transitional milk, but the concentrations of those in transitional milk were significantly lower than those in colostrum.
Among the top ten concentration PIs, PI 38:4 is rich in arachidonic acid (AA, C20:4), which is more abundant in colostrum. AA is critical for growth, brain development, and health of infants (Kevin et al., 2016), therefore, PI 38:4 may be an important source of AA in phospholipids from human milk. Linoleic acid (C18:2) is an essential fatty acid existing in TAG 50:3, TAG 52:3, TAG 52:4, TAG 54:4, TAG 54:5, PC 34:2, PC 36:2, and PE 36:2 with high concentration.
The species number of lipids in human milk were more abundant than that in other mammalian milk and infant formula (Table 5). Other mammalian milk and infant formula had more than 200 species of lipids, including phospholipids, glycerides, free fatty acids and gangliosides. However, there were only 124 species of lipids in donkey milk.
TABLE 5 | The total species number of lipids in other mammalian milk and infant formula.
[image: Table 5]For human milk, other mammalian milk and infant formula, totally 556 species of lipids were detected, including 29 species of PC, 61 species of PE, 27 species of PI, 32 species of PS, 25 species of PG, 28 species of PA, 46 species of SM, 35 species of Cer, 30 species of DAG, 176 species of TAG, 23 species of FFA, 26 species of GM3 and 18 species of GD3. 68 species of lipids existing in other mammalian milk or infant formulae were not detected in human milk. Total concentrations of phospholipids and total glycerides in human milk, other mammalian milk and infant formula were shown in Figure 6. Compared with those in the majority of other mammalian milk and infant formula, the concentration of total phospholipids and total glycerides were present in greater amounts in human milk. The concentration of total phospholipids in camel milk were highest among these samples while those of total phospholipids and total glycerides in donkey milk were lowest.
[image: Figure 6]FIGURE 6 | Concentrations of phospholipids (A) and glycerides (B) in human milk, mammalian milk and infant formula.
4 DISCUSSION
Human milk lipids provide energy for the growth and development of infants (Tingting, 2008). Different molecular components of glycerides and phospholipids in human milk are closely related to their physiological functions (Huang et al., 2013; Zhao et al., 2021). Therefore, an accurate and reliable method is essential for a comprehensive identification and absolute quantitation of lipids at molecular level. The extraction, separation, identification and quantification methods of lipids from human milk and dairy products are shown in Table 6.
TABLE 6 | Comparison of extraction and analytical methods used for lipids in milk and dairy products.
[image: Table 6]LLE technique was used to separate lipids by their relative solubilities in different immiscible liquids (George et al., 2018). Extracting solvents and process were key to obtain lipids from samples. In the Folch (Folch et al., 1957) and Bligh–Dyer(Bligh and Dyer, 1959) method, chloroform was commonly used to extract lipids from human milk or dairy products (Sala Vila et al., 2003; Ten-Domenech et al., 2015; Claumarchirant et al., 2016; Tang et al., 2021). When chloroform is exposed to light, it could react with oxygen in the air and is gradually decomposed to produce the highly toxic phosgene, which has anesthetic effect on heart, liver and kidney. The data analysis of human milk lipids requires to process a large number of samples and it might be harmful to the health of the operators who have been engaged in the detection for a long time. Therefore, safety solvents are beneficial for the health of the operator and it is necessary to establish safer and more reliable methods. We extracted lipids for 3 times with dichloromethane instead of chloroform in this study, and obtained aqueous phase containing gangliosides and organic phase containing glycerides and phospholipids. In contrast, most of studies used twice extraction (Jiang C. et al., 2018; Alexandre-Gouabau et al., 2018; Tavazzi et al., 2018; Moloney et al., 2020) or once extraction (Sokol et al., 2015; Li et al., 2017; Liu et al., 2020; Song et al., 2021). However, fewer species of glycerides and phospholipids were obtained and ganglioside was not enriched.
The concentrations of glycerides and phospholipids accounted for about 98% and 0.8% in human milk lipids, respectively (Delplanque et al., 2015; Zou et al., 2017; George et al., 2018), leading to the wide concentration range of different lipid subclasses in human milk. If all lipid classes were quantified simultaneously in one analytical cycle, the MS signal of main glycerides could become saturated, which would not only influence quantitative results, but also contaminate the instrument. Meanwhile, the MS signals for phospholipid and ganglioside classes were very low. Therefore, the organic phase needs to be further processed with solid phase extraction to obtain phospholipids. The silica SPE column, which was usually applied in the separation of polar and non-polar lipids and showed good accuracy (Contarini and Povolo, 2013; Verardo et al., 2017), was used in this method. The obtained phospholipids could be detected without dilution and with high signal intensity.
This method not only reduced the use of hazardous chloroform solvent, but also extracted phospholipids, glycerides and free fatty acids, even gangliosides in an individual process. In contrast, only a few of methods could extract two or more classes of lipids among phospholipids, glycerides, free fatty acids and gangliosides in human milk through one preparation process (Sokol et al., 2015; Garwolinska et al., 2017; Alexandre-Gouabau et al., 2018; Wang et al., 2020). In published studies, gangliosides only could be extracted from human milk individually or together with phospholipids that used more than 250 µL human milk (McJarrow et al., 2019; Liu et al., 2020). Other lipid extraction methods usually extract glycerides, phospholipids and gangliosides, respectively (Zou et al., 2013; Wei et al., 2019a; Wei et al., 2019b), which require more solvents, human milk samples, and long and complex extraction process.
In the present study, glycerophospholipids and sphingolipids were detected in negative mode and positive mode, respectively. In contrast, many studies detected glycerophospholipids and sphingolipids in the same ion mode (Garwolinska et al., 2017; Jiang C. et al., 2018; Song et al., 2018; Ingvordsen Lindahl et al., 2019; Mitina et al., 2020; Garwolinska et al., 2021). Some studies only identified headgroup of glycerophospholipids, the number of carbon atoms and double bonds in total fatty acyls through fragment, without fatty acyls moieties (Garwolinska et al., 2017; Tavazzi et al., 2018). Meanwhile, most studies identified glycerophospholipids through the residue losing a fatty acyl (Donato et al., 2011; Ali et al., 2017; Jiang C. et al., 2018; Liu et al., 2020) for qualitative analysis of glycerophospholipids. In contract, this study could identify the fatty acid composition of glycerophospholipids more easily according to m/z of fragment. Cer and gangliosides could also be detected in negative ion mode, and more lipids classed (HexCer, Hex2Cer) and fatty acid composition were identified by MS/MS and MS3 (Calvano et al., 2019). Meanwhile, milk sphingolipids, including (SM and Cer), were detected in positive mode in most of the literature (Liu et al., 2020; Wang et al., 2020; Zhao et al., 2021) and the comparison results of this method shows that the characteristic fragment ion m/z 264 or 266 directly indicates the ceramides long-chain base including C18:1 or C18:0, respectively. In negative mode, although XIC had better chromatographic peak, the characteristic fragment ([R1]-) intensity was too low (Supplementary Figure S9) that may influence the accuracy of qualitative analysis, especially for those low concentration Cer. In some studies, Cer species detected in negative mode were less than that in positive mode (Liu et al., 2020; Wang et al., 2020), while some of Cer also was higher level in human milk phospholipids (Alexandre-Gouabau et al., 2018; Zhao et al., 2021). Thus, the positive mode was finally chosen for the detection of Cer.
High-resolution mass spectrum was good at qualitative analysis, while it was a bit instable in quantification. So, if internal standards were not added, the intraassay results of recovery and the reproducibility would be poor. Adding internal standards with similar structure to the existing lipids in human milk is an effective way to eliminate the impact of poor instrument stability for quantitative analysis. Except for d5-TAG 18:1/18:1/18:1, the internal standards of other phospholipids were not deuterated. Meanwhile, PC 14:1/17:0, PE 14:1/17:0, SM d17:0/18:1, PI 14:1/17:0, PG 14:1/17:0, and Cer d18:2/24:0 was not detected in human milk, indicating that the addition of internal standard will not influence the content of the lipids in human milk. The addition of internal standards could ensure the accuracy of quantitative results and the comparability between the corresponding batches.
Due to the high resolution of TOF, the number of lipids species, including phospholipids, glycerides, free fatty acids and gangliosides, in human milk reported in this study were higher compared with that in most previous researches (Li et al., 2017; Wang et al., 2020; Song et al., 2021). It was shown that this method had good performance in the characterization of human milk lipids. Meanwhile, this method could be used for absolute quantification of each species of phospholipids and glycerides, which was beneficial for the omni-directional analysis of the composition and content of lipids in human milk.
Human milk is the golden standard for the development of infant formula. In most infant formulae, other mammalian milk, especially bovine milk, is mixed with vegetable oils in order to mimic the fatty acid profile of human milk (Tu et al., 2017; Jiang T. et al., 2018). It is necessary to profile the lipids in human milk, other mammalian milk and infant formula with the same extraction and detection method. Table 5 showed that infant formula and other mammalian milk had some difference in lipid composition from human milk, while the species number of lipids in the former was all lower than that in human milk. And no gangliosides were detected in horse milk and donkey milk. The concentrations of phospholipids in bovine milk and goat milk were similar to that in human milk. Meanwhile, the concentration of phospholipids in camel milk was higher than that in human milk and infant formula, those of horse milk and donkey milk was lower. The concentration of glycerides in bovine milk, infant formula and human milk were similar, the glycerides concentration of other mammalian milk was much lower. These results suggested that the present method would also be a reliable tool for the profiling of lipids in other mammalian milk and infant formula.
5 CONCLUSION
In this study, a qualitative and quantitative method was established and validated for profiling phospholipids and glycerides in human milk using UPLC-Q-TOF-MS with LLE and SPE. This method could extract a variety of lipids including phospholipids, glycerides, free fatty acids and gangliosides from a small volume of human milk after one series of pretreatment. We applied the established method to analyze a large number of human milk samples and detected 245 species of phospholipids, 177 species of glycerides, 23 species of free fatty acids and 38 species of gangliosides. Meanwhile, the use of internal standard allowed quantitative analysis of lipids and also corrected the loss of analyte during sample preparation and detection. The applicability of this method was validated by analyzing lipids in human milk, other mammalian milk and infant formula.
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Supplementary Figure S2 | (A) MS/MS fragments of PE 36:2 acquired in positive ion mode; (B) MS/MS fragments of PE 36:2 acquired in negative ion mode.
Supplementary Figure S3 | (A) MS/MS fragments of PS 36:0 acquired in positive ion mode; (B) MS/MS fragments of PS 36:0 acquired in negative ion mode.
Supplementary Figure S4 | (A) MS/MS fragments of PI 34:1 acquired in positive ion mode; (B) MS/MS fragments of PI 34:1 acquired in negative ion mode.
Supplementary Figure S5 | (A) MS/MS fragments of PG 38:5 acquired in positive ion mode; (B) MS/MS fragments of PG 38:5 acquired in negative ion mode.
Supplementary Figure S6 | (A) MS/MS fragments of PA 34:1 acquired in positive ion mode; (B) MS/MS fragments of PA 34:1 acquired in negative ion mode.
Supplementary Figure S7 | (A) MS/MS fragments of PC 36:2 acquired in positive ion mode; (B) MS/MS fragments of PC 36:2 acquired in negative ion mode.
Supplementary Figure S8 | (A) MS/MS fragments of SM 38:1;2 acquired in positive ion mode; (B) MS/MS fragments of SM 38:1;2 acquired in negative ion mode.
Supplementary Figure S9 | (A) MS/MS fragments of Cer 42:2;2 acquired in positive ion mode; (B) MS/MS fragments of Cer 42:2;2 acquired in negative ion mode.
Supplementary Figure S10 | (A) MS/MS fragments of GM3 36:1;2 acquired in negative ion mode; (B) MS/MS fragments of GD3 34:1;2 acquired in negative ion mode.
Supplementary Figure S11 | (A) Extracted ion chromatogram of SM 38:1;2 acquired in positive ion mode; (B) Extracted ion chromatogram of PE 36:2 acquired in negative ion mode; (C) Extracted ion chromatogram of TAG 52:3 acquired in positive ion mode; (D) Extracted ion chromatogram of FFA 18:1 acquired in negative ion mode; (E) Extracted ion chromatogram of GM3 36:1;2 acquired in negative ion mode.
Supplementary Table S1 | List of identified phospholipids in human milk detected by UPLC-Q-TOF-MS.
Supplementary Table S2 | List of identified glycerides and free fatty acids in human milk detected by UPLC-Q-TOF-MS.
Supplementary Table S3 | List of identified gangliosides in human milk detected by UPLC-Q-TOF-MS.
ABBREVIATIONS
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PG, phosphatidylglycerol; PS, phosphatidylserine; PA, phosphatidic acid; SM, sphingomyelin; Cer, ceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; LPG, lysophosphatidylglycerol; LPS, lysophosphatidylserine; LPA, lysophosphatidic acid; DAG, diacylglycerols; TAG, triacylglycerols; FFA, free fatty acid; UPLC-Q-TOF-MS, Ultra-Performance Liquid Chromatography with Quadrupole-Time-of-Flight Mass Spectrometry; LLE, liquid-liquid extraction; SPE, solid phase extraction.
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In the article presented herein, a deoxyribonucleic acid (DNA) biosensor is introduced for Vincristine determination in pharmaceutical preparations based on the modification of screen printed electrode (SPE) with double-stranded DNA (ds-DNA), polypyrrole (PP), peony-like CuO:Tb3+ nanostructure (P-L CuO:Tb3+ NS). The developed sensor indicated a wide linear response to Vincristine concentration ranged from 1.0 nM to 400.0 μM with a limit of detection as low as .21 nM. The intercalation of Vincristine with DNA guanine led to the response. The optimized parameters for the biosensor performance were ds-DNA/Vincristine interaction time, DNA concentration and type of buffer solution. The docking investigation confirm the minor groove interaction between guanine base at surface of or ds-DNA/PP/P-L CuO:Tb3+ NS/SPE and Vincristine. The proposed sensor could successfully determine Vincristine in Vincristine injections and biological fluids, with acceptable obtains.
Keywords: vincristine, polypyrrole, peony-like CuO:Tb 3+ nanostructure, DNA biosensor, voltammetry
1 INTRODUCTION
Vincristine (Figure 1) is placed in a class of drugs called the vinca alkaloids, which is extracted from Catharanthus roseus, and used as a chemotherapy drug (Khan et al., 2022). Vincristine is applied for treating a various type of cancers such as acute lymphocytic leukemia, acute myeloid leukemia, neuroblastoma, Hodgkin’s disease, rhabdomyosarcoma, Wilms’ tumor and small cell lung cancer (Li et al., 2021; Filippi-Chiela et al., 2022). Some VCR-caused complications are headaches, hair loss, difficulty in walking, constipation, change in sensation, neuropathic pain, lung damage and lowered white blood cells (Childress et al., 2022; Mujib et al., 2022). Therefore, it is essential to quantify the VCR in the biological specimens like urine and plasma. There are diverse analytical methods in this regard, including liquid chromatography together with electrochemical or ultraviolet determination, liquid chromatography-mass spectrometry and LC–MS/MS (Gupta et al., 2005; Amila Jeewantha et al., 2017; Kiani et al., 2018; Jin et al., 2021).
[image: Figure 1]FIGURE 1 | The illustration of the chemical structure of Vincristine with the numbered atoms.
Among these, the electrochemical biosensors have some merits like selectivity, sensitivity, cost-effectiveness, rapidity and simplicity (Foroughi and Jahani, 2021; Zhang et al., 2022). The screen printed electrode (SPE) can be used to produce a disposable equipment (Núñez et al., 2021). Deoxyribonucleic acid (DNA) biochemical biosensors concentrate molecules with affinity for nucleic acids to assess the electronic surface using the DNA layer selectivity. Alterations in the redox attributes of DNA (in the guanine oxidation) are examined to study the interactions between DNA and analytes in these biosensors (Moarefdoust et al., 2022a; Cao et al., 2022; Fang et al., 2022).
The electrode surface modification can boost the function of the electrode to establish a suitable substrate for the stabilization of biomolecules and to decrease the charge transfer resistance on the sensor surface (Li et al., 2016; Zhou et al., 2018; Farvardin et al., 2020; Iftikhar et al., 2021a; Gao et al., 2022; Jahani et al., 2022; Jia et al., 2022). The sensors can be produced by a majority of metals, metal oxides and alloys (Fathi et al., 2020; Vakili Fathabadi et al., 2020; Ejaz et al., 2021; Anqi et al., 2022; Chen et al., 2022; Duan et al., 2022; Iftikhar et al., 2022). Several materials are noble metals or toxic metals, others with slow kinetics and negligible selectivity (Zhang et al., 2016a; Yang et al., 2017; Iftikhar et al., 2021b; Foroughi et al., 2021; Moarefdoust et al., 2022b; Kumar et al., 2022). Copper oxide (CuO) is a p-type semiconductor, has a 1.2-eV bandgap and can be utilized in the structure of batteries, catalysis, biosensors and gas sensors (Park et al., 2014; Yang et al., 2014; Hu and Liu, 2015). The merits of CuO for sensor applications can be attributed to non-toxicity, cost-effectiveness, easy fabrication, specific capacitances and facile storage (Yang et al., 2012). The electrocatalytic traits of CuO can be reinforced through the combination of CuO with highly conductive materials like rare Earth metals, gold (Au), silver (Ag), carbon nanotubes (CNTs) and graphene to generate composite materials (Dung et al., 2013; Zheng et al., 2014; Dong et al., 2015; Tian et al., 2015).
The current attempt was made to fabricate a selective and sensitive method to determine the Vincristine. The literature review revealed that there is no study so far evaluating determination of Vincristine based on electrochemical DNA. The sensor was modified with double-stranded DNA (ds-DNA), polypyrrole (PP) and peony-like CuO:Tb3+ nanostructure (P-L CuO:Tb3+ NS) to determine nano-molar Vincristine. The practical potential of the proposed ds-DNA/PP/P-L CuO:Tb3+ NS/SPE sensor was verified by determining Vincristine in urine, blood serum and injection. We found outstanding advantages for our biosensor, including an impressive sensitivity, cost-effective, admirable reproducibility fast response, and narrow limit of detection in spite of the presence of various interferants. In addition, the findings of this study are significant because ds-DNA/PP/P-L CuO:Tb3+ NS/SPE provided appreciable analytical behavior and sensitivity when comparing with counterpart electrochemical and non-electrochemical methods previously introduced for Vincristine determining.
2 EXPERIMENTAL
2.1 Chemicals and devices
Vincristine (>99.0%), sodium nitrate (NaNO3, = 99.0%), copper nitrate trihydrate (Cu(NO3)2.3H2O, >99.0%), absolute ethanol (=99.8%), NaOH (>97%), 28% ammonia and terbium chloride hexahydrate (TbCl3.6H2O, >99.0%) belonged to Sigma–Aldrich Company (Germany). All solutions were freshly prepared by double distilled water (DDW). To obtain 1.0 mM Vincristine stock solution, Vincristine (824.96 mg) was dissolved in water solution. The freshly prepared human blood serum and urine samples were from Pasteur Bam Hospital (Bam, Iran). The 1-mg/ml Vincristine ampoule was from Nanodaru Pajuhan Pardis Co. (Tehran; Iran). All measurements of electrochemical impedance spectroscopy (EIS), voltammetry were performed by a SAMA 500 Electro-analyzer (Isfahan; Iran). The three-electrode cell system contained one working electrode (SPE), one axillary electrode (platinum wire) and one reference electrode (SCE). All pH values were measured by a digital ELICO LI 120 pH meter. All X-ray powder diffraction (XRD) findings belonged to a Philips PC-APD X-ray diffractometer (the Netherlands). EM 3200 SEM and KYKY Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDS; China) characterized the modifier.
2.2 Production of peony-like CuO:Tb3+ nanostructure (P-L CuO:Tb3+ NS)
A simple hydrothermal protocol was applied to construct the P-L CuO:Tb3+ NS. Thus, 1.2 g of copper nitrate trihydrate and .1 g of terbium chloride hexahydrate were poured in 100 ml of ethanol. Then, the solution was added with 25 ml of 28% ammonia and 20 ml of 1.0 M NaOH as dropwise, followed by appending 10 g of NaNO3. Next, the solution was autoclaved in a 250-ml Teflon-lined stainless steel device. After that, the mix was heated in an electric oven at 140°C for 24 h, the result of which was a black product that was gathered by washing with water, performing centrifugation and drying at 80°C.
2.3 Modification of electrode surface
The bare SPE (BSPE) was exposed to Piranha solution (H2SO4:H2O2, 3:1 as v/v) and ultra-sonicated for 15 s. Next, 1 mg of P-L CuO:Tb3+ NS was dispersed to 1 ml of DDW and ultra-sonicated for 1 hour, followed by adding .1 M pyrrole to the obtained solution. The pyrrole electro-polymerization on the SPE surface was carried out using the cyclic voltammetry (CV) (30 potential cycles between .0 and .8 V at 100 mV/s scan rate) (Foroughi and Jahani, 2021). To prepare the dsDNA solution, 90.0 mg of fish sperm DNA was dissolved in 1 L of DDW in ultrasonic bath to obtain a homogeneous solution. Afterwards, a certain amount of produced solution (5 µL) was casted on the PP/P-L CuO:Tb3+ NS/SPE (Moarefdoust et al., 2022b).
2.4 Sample treatment and detection
Vincristine was electroanalytically detected in the real pharmaceutical formulations and human blood serum and urine samples. 1 ml of Vincristine Sulfate (1 mg/ml solution) for injection diluted to 100 ml in acetate buffer solution at the pH value of 4.8. The standard solutions of Vincristine was spiked in the pharmaceutical formulations to perform the recovery tests of their determination. No pretreatment step was conducted for the detection of Vincristine in the refrigerated human blood serum and urine samples collected from a Pasteur Bam Hospital (Bam, Iran).
2.5 Molecular docking study
A molecular docking investigation was conducted as part of a biological assay to predict the mode of binding of vincristine anticancer drug inside the DNA receptor. From the Brook haven protein data bank, the crystal structures of DNA duplex (entry codes 1BNA and with sequence d (CGCGAATTCGCG)2 dodecamer) was downloaded.
3 RESULT AND DISCUSSION
3.1 Characterization of P-L CuO:Tb3+ NS
Figure 2 illustrates the XRD spectra obtained from pure and Tb-doped CuO nanostructures. The XRD spectra for all specimens are similar to those for monoclinic CuO nanostructures, JCPDS:895,898 (Uma Maheswari et al., 2018). The diffraction peaks at 2θ for monoclinic CuO include (−222), (311), (−311), (022), (−113), (202), (020), (−202), (111), (−111) and (110) corresponding to 75.36°,72.68°, 68.12°, 66.24°, 61.52°, 58.44°, 53.68°, 48.92°, 38.76°, 35.72° and 32.56°, sequentially. Higher degree switch is there for P-L CuO:Tb3+ NS at peaks (−202), (022) and (−311), probably because of Tb incorporation in CuO that imposes internal stress owing to its larger atomic radii (175 p.m.) when comparing with that for Cu (128 p.m.). It rendered also for the formation of defects. Replacing dopants of a lower atomic radius in the host lattice results in a greater angle peak shift. In our study, paradoxically, the peak angle shift is higher and the end of distance d is less observed for dopants that their atomic radius is larger than that of host copper, which may be related to further internal tensile stress caused by dopants and defects in the network, probably resulting in an abnormal shift in the greater angle peak and lower end of distance d found in XRD (Jansi Rani et al., 2020). The XRD had no secondary peaks related to dopant, confirming the fabrication of single-phase CuO NSs. According to the XRD patterns, the appeared diffraction peaks are related only to CuO formation. There were no other peaks related to Tb oxides. The lower shift of angle peaks related to greater atomic radii of dopant ion has been evaluated in detail.
[image: Figure 2]FIGURE 2 | XRD pattern of P-L CuO:Tb3+ NS.
Figure 3 depicts SEM images exhibiting the morphology and size of fabricated P-L CuO:Tb3+ NS. As shown in Figure 3A, a uniform peony-like morphology can be observed for these 5-μm fabricated nanoflowers regularly stacked by CuO:Tb3+ sheets. Figures 3B, C, with greater magnification, shows clearer shape of CuO:Tb3+ NS. Images show a unique hierarchical flower-like architecture containing ultra-thin nano-sheets with a mean thickness of 20 nm. The images show the uniform distribution of the nano-sheets along the radius throughout the sample, which resulted in the formation of a flower-like structure with abundant spaces between the petals. This structure, due to its larger specific surface area, can promise the construction of catalysts with unique applications.
[image: Figure 3]FIGURE 3 | (A) FESEM image, (B) and (C) High resolution FESEM image of P-L CuO:Tb3+ NS.
Figure 4 verifies the elements of as-synthesized NSs and exhibits the electrocatalyst purities. The existence of Cu, Tb and O is evident. The EDS patterns display the production of NSs without any impurity and with high quality, probably supporting the statement of sample purity in the XRD spectrum. The EDS mapping analysis was also applied to determine the spatial dispersion of Cu, Tb and O. Figure 4 illustrates entire dispersion of Tb (red zone), Cu (blue zone) and O (yellow zone) throughout the area, indicating evident reasons for uniform dispersion in the P-L CuO:Tb3+ NS.
[image: Figure 4]FIGURE 4 | EDS spectra and elemental mapping of P-L CuO:Tb3+ NS.
3.2 Electrochemical behaviors of modified electrode
The modified electrode was assessed for the electrochemical behaviors by the EIS (Figure 5A) in 1.0 mmol/L [Fe(CN)6]3-/4-/0.1 M KCl electrolyte, in comparison to unmodified SPE, PP/P-L CuO NS/SPE and PP/P-L CuO:Tb3+ NS/SPE. The charge-transfer resistance (Rct) was estimated at approximately 1,482 Ω for the SPE according to Nyquist diagram. In the identical experimental circumstances, there was a reduction in the semicircle diameter on the PP/P-L CuO:Tb3+ NS/SPE and PP/P-L CuO NS/SPE, with the Rct values of approximately 660 and 1,143 Ω. Anchoring PP/P-L CuO:Tb3+ NS on the SPE surface caused an increase in electrical conductivity of electrode surface and a decrease in mass-transfer resistance during the redox process.
[image: Figure 5]FIGURE 5 | (A) Nyquist diagrams and the equivalent circuit of unmodified SPE (A), PP/P-L CuO NS/SPE (B) and PP/P-L CuO:Tb3+ NS/SPE (C) in 1.0 mM [Fe(CN)6]3-/4- (.1 M KCl) (B) DP voltammograms of ds-DNA/PP/P-L CuO:Tb3+ NS/SPE in absence (A) and presence of 35.0 µM (B) and 60.0 µM (C) Vincristine.
3.3 Intercalation of ds-DNA and vincristine
The differential pulse voltammetry’s (DPVs) were recorded for as-fabricated sensor under inclusion and exclusion of the Vincristine for the exploration of its intercalation with ds-DNA on the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE surface (Figure 5B). As seen in Figure 5B (curve a), the Vincristine exclusion created an oxidation signal at 805 mV with an oxidation current of 9.6 µA in .5 M acetate buffer solution (pH 4.8). In the inclusion of 35.0 and 60.0 µM of Vincristine (in Tris-HCl buffer; pH 7.4), the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE was placed in the solution and then stirred for 12 min. Next, .5 M acetate buffer solution (pH 4.8) was replaced by Tris-HCl, followed by recording the DPV for ds-DNA/PP/P-L CuO:Tb3+ NS/SPE. According to data in Figure 5B (curves b and c), the 35.0 and 60.0 µM Vincristine solutions had the oxidation currents of 7.9 and 5.8 µA, respectively. Vincristine declined the oxidation signal of ds-DNA on the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE surface. Therefore, the intercalation of Vincristine with ds-DNA was validated on as-fabricated sensor surface.
3.4 Optimization of determinants
The determining parameters in the optimization of biosensor activity were ds-DNA concentration, intercalation time and type of buffer solution. Variable ds-DNA contents were applied to construct the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE according to Section 2.3. As seen in Figure 6A, there was an increase in the guanine oxidation current with increasing ds-DNA content on the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE surface. The highest oxidation current was related to starting ds-DNA concentration of 90.0 mg/L, as shown in Figure 6A. At higher concentrations, the oxidation signal of guanine was stable compared to ds-DNA, which means the PP/P-L CuO:Tb3+ NS/SPE surface was saturated by being occupied with ds-DNA molecules. Hence, the optimized starting concentration was selected to be 90.0 mg/L in the fabrication of ds-DNA/PP/P-L CuO:Tb3+ NS/SPE. Then, the signal of ds-DNA guanine was recorded at different buffer solutions of Britton–Robinson, acetate and phosphate buffer solutions with the pH 4.8. Figure 6B shows the oxidation currents of 7.15, 9.60 and 4.36 µA recorded for ds-DNA/PP/P-L CuO:Tb3+ NS/SPE in Britton–Robinson acetate, and phosphate buffer solutions, successively. As seen, the maximum sensitivity was found in the acetate buffer, thereby it was the solution selected for next testing. The last optimization step was related to the incubation time of the sensor. Thus, the modified electrode was exposed to the Vincristine solution while stirring for variable times. Finally, the interaction of ds-DNA with Vincristine on the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE surface was completed during 12 min, and so this time was selected to be optimal for next testing (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) Current versus ds-DNA concentration (10.0, 15.0, 30.0, 75.0, 90.0, 105.0, 120.0 and 135.0 mg/L) plot (B) Current recorded on ds-DNA/PP/P-L CuO:Tb3+ NS/SPE vs type of buffer at optimum condition (90.0 mg/L ds-DNA) (C) Effect of the time duration of 350.0 µM Vincristine on the guanine oxidation signal recorded on ds-DNA/PP/P-L CuO:Tb3+ NS/SPE (n = 5).
3.5 Analytical experiments
A general, pulse techniques, such as DPV, are more sensitive than the linear sweep methods because there is minimization of the capacitive current. In turn, CV is most commonly used for exploratory purposes. In DPV, small amplitude, short pulses are superimposed on a linear ramp. Current is measured before the application of the pulse and at the end of each pulse, and the difference between the currents is calculated. This procedure effectively reduces the background current due to the direct current (DC) ramp, and thus this procedure results in a Faradaic current free of most capacitive current. The major advantage of DPV is low capacitive current, which leads to high sensitivity. In inclusion and exclusion of Vincristine at variable concentrations, the DPVs were obtained for ds-DNA/PP/P-L CuO:Tb3+ NS/SPE (Figure 7A). In order to achieve the higher analytical response (anodic current), the optimal conditions for DPV measurements were as follow: ABS, pH 4.8, modulation amplitude of .02505 V, modulation time of 30 ms, interval time of 200 ms, step potential of 10 mV, initial potential = 680 mV and end potential of 930 mV. The net oxidation current of guanine in relation to ds-DNA on the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE surface (net current refers to a difference between oxidation current in exposure or non-exposure to drug) had two linear regression equation is demonstrated by y = .0584x + .2586 from .001 µM to 100.0 µM linear range with R2 = .9995 while the other linear range (100.0–400.0 µM) represents linear regression equation of y = .0048x + 5.61 (R2 = .999) for Vincristine concentration. The limit of detections (LOD) as low as .21 nM and 2.39 nM (LOD = 3Sb/m; where, Sb refers to the standard deviation of blank (n = 5) and m means the slope of linear dynamic range (LDR)), as seen in Figure 7B. According to the result, the high slope of the curve at low concentrations indicates the fact that the electrode provides enough active sites for vincristine. Whereas, the low slope value of the curve at high concentrations highlights relatively limited active sites for concentrated vincristine.
[image: Figure 7]FIGURE 7 | (A) DP voltammograms of ds-DNA/PP/P-L CuO:Tb3+ NS/SPE in the presence of increasing concentrations (.0, .001; 1.0; 5.0; 10.0; 20.0; 30.0; 40.0; 50.0; 60.0; 70.0; 80.0; 90.0; 100.0; 200.0, 300.0 and 400.0; µM) of Vincristine (B) ΔI vs. Vincristine concentration (n = 5) plot.
3.6 Comparison of proposed biosensor with other reported analytical methods for the determination of vincristine
The comparison of analytical efficacy between as-fabricated electrode and other non-electrochemical and electrochemical methods was performed for Vincristine (Table 1) (Yong et al., 2004; Gupta et al., 2005; Babkina and Ulakhovich, 2011; Zhang et al., 2016b; Amila Jeewantha et al., 2017; Kiani et al., 2018; Saify Nabiabad and Amini, 2020; Jin et al., 2021). Based on Table 1, the detection limit and linear range of as-fabricated sensor were better than those of non-electrochemical methods (Gupta et al., 2005; Amila Jeewantha et al., 2017; Kiani et al., 2018; Jin et al., 2021). When comparing with electrochemical methods, the HPLC/MS and HPLC are expensive, sophisticated and multi-process techniques, with the need for sample preparation, pre-filtration and extraction as well as temperature monitoring. In addition, the performance of our proposed DNA biosensor for sensing Vincristine displayed a comparable linear range and better detection limit and sensitivity when comparing with the other electrochemical methods. The detection limit of only Ref (Saify Nabiabad and Amini, 2020). developed for detection of Vincristine was superior to our sensor. The strength of our work than Ref (Saify Nabiabad and Amini, 2020). was the use of non-destructive, non-toxic and cost-effective modifiers (ds-DNA/PP/P-L CuO:Tb3+ NS) when comparing with Au nanoparticles, carbon nanotubes, monoclonal antibody. We also achieved lower limit of detection and broader linear range than others (Table 1). Accordingly, as-fabricated biosensor is potentially able to determine the trace amount of Vincristine in various media. Moreover, the electrode used for the sensor fabrication is a SPE that has various advantages like cost-effectiveness, facile modification, admirable accessibility and lower background current when comparing with other electrodes. As seen in Tables 1, the electrode as-fabricated for electrochemically bio-sensing Vincristine generally showed admirable properties for measurement speed, sensitivity, detection limit, linear range and sensitivity when compared to other methods reported in literature.
TABLE 1 | Comparison of major characteristics of various methods for the determination of Vincristine.
[image: Table 1]3.7 Reproducibility, stability and interference analysis
The peak currents of three study Vincristine was measured to determine the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE reproducibility using five different sensors fabricated in the identical conditions (n = 5), the results of which showed the relative standard deviation (RSD) of 2.1% that means successful reproducibility of sensor (Figure 8A). The sensor was stored at 4°C for five consecutive weeks to determine the ds-DNA/PP/P-L CuO:Tb3+ NS/SPE stability, the results of which showed the maintenance of the peak current of 98.7% of its primary value that means successful stability of sensor (Figure 8B). The modified electrode was stored in ABS (pH 4.8) for Vincristine to test its stability for 10 days, followed by recording the DPVs and then comparing to pre-immersion DPVs. Based on the findings, the peak current was slightly reduced 99.2%, highlighting impressive stability of the sensor.
[image: Figure 8]FIGURE 8 | Current responses of Vincristine (50.0 μM) Five modified electrode fabricated (B) DPVs of modified electrode (A) (containing 50.0 μM of Vincristine) and (B) after 5 Weeks.
The interference determinations were carried out under the optimized conditions, consisting of metal ions and organic compounds. The tolerance limit for interferants was the highest concentration presenting a relative error of ˂±5.0% at the Vincristine concentration of 5.0 μM. The alanine, glycine, valine, dopamin, uric acid, ascorbic acid were the most abundant compounds in serum specimens along with Vincristine. According to the results these analytes separately (800-fold, 4.0 mM) could not interfere with the determination of Vincristine. In addition, the Ip values of Vincristine were not affected by 1000-fold concentrations (5.0 mM) of K+, Na+, Li+, F−, Ca2+ (Table 2). Accordingly, it can be claimed that none of the tested common interferants had a significant influence on the detection of Vincristine in the real study specimens using the as-fabricated ds-DNA/PP/P-L CuO:Tb3+ NS/SPE sensor.
TABLE 2 | The selectivity test of ds-DNA/PP/P-L CuO:Tb3+ NS/SPE for the determination of Vincristine.
[image: Table 2]3.8 Real sample analysis
The practical potential of ds-DNA/PP/P-L CuO:Tb3+ NS/SPE was evaluated by sensing Vincristine in injection, human blood serum and urine samples using standard addition protocol. According to data (Table 3), the recovery rates were as satisfactory as 99.0%–103.3% that means the successful applicability of our Vincristine sensor. Moreover, the relative standard deviation (RSD) was lower than 4%, indicating a good precision of this method which can meet the requirement of nanoanalysis. Therefore, the developed electrochemical method is applicable to the determination of Vincristine.
TABLE 3 | Determination of Vincristine in injection, serum and urine samples using ds-DNA/PP/P-L CuO:Tb3+ NS/SPE (n = 5).
[image: Table 3]3.9 Intercalation docking
Docking study was done to investigate the ideal interaction site and best compounds conformation on the DNA with the lowest energy. The lowest binding energy and Ki for the interaction of DNA with vincristine were obtained to be −6.08 kcal/mol and 35.18 μM, respectively. Studies indicated stabilization of vincristine at the DNA minor groove across one hydrogen bond with the nucleotides and hydrophobic interactions (Figure 9). Hydrogen (H) one bonds to nitrogen 48 of vincristine interacted with O3’ from thymine 8 (DT8). Moreover, the major contribution of hydrogen bond has been demonstrated in interacting between vincristine and DNA. According to the results of docking, vincristine can interact effectively with bases in the minor groove of DNA.
[image: Figure 9]FIGURE 9 | (A) Vincristine-DNA minor groove interaction (B) Geometrical disposition of vincristine in DNA minor groove.
4 CONCLUSION
The P-L CuO:Tb3+ NS was prepared by the simple hydrothermal method. The physical characterization and structural properties are confirmed by the XRD, SEM and EDS analysis and discussed well. In addition, new DNA biosensor was designed using ds-DNA immobilization on the surface of PP/P-L CuO:Tb3+ NS/SPE. The DPV method was used to detect dsDNA-Vincristine interaction on the modified ds-DNA/PP/P-L CuO:Tb3+ NS/SPE surface. The factors affecting the performance of the biosensor such as DNA concentration (90 mg/ml), type of buffer solution (acetate buffer), and ds-DNA/Vincristine interaction time (12 min)) were optimized. In the analytical investigation of Vincristine using DPV, the modified electrode exhibited two linear responses in concentration ranges of .001–100.0 µM and 100.0–400.0 µM with detection limits of .021 and 2.39 nM, respectively. The experimental results and docking indicated that the binding mode of Vincristine and ds-DNA was minor groove. The practical potential of ds-DNA/PP/P-L CuO:Tb3+ NS/SPE was evaluated by sensing Vincristine in Vincristine injection, human blood serum and urine samples.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Ethics committee of Bam University of Medical Sciences. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Amila Jeewantha, H., Aleksei Ivanovich, S., and Pavel Mihailovich, K. (2017). Validated spectrophotometric method for the estimation of vincristine and vinblastine. Int. J. Pharm. Pharm. Sci. 9, 78–86. doi:10.22159/ijpps.2017v9i4.16577
 Anqi, E. A., Li, C., Dhahad, H. A., Sharma, K., Attia, E. A., and Abdelrahman, A. (2022). Effect of combined air cooling and nano enhanced phase change materials on thermal management of lithium-ion batteries. J. Energy Storage 52, 104906. doi:10.1016/j.est.2022.104906
 Babkina, S. S., and Ulakhovich, N. A. (2011). Determination of pharmaceuticals based on indole alkaloids with amperometric DNA-sensors and enzyme immunoassay test-system. Anal. Lett. 44, 837–849. doi:10.1080/00032711003789975
 Cao, C., Wang, J., Kwok, D., Zhang, Z., Cui, F., and Zhao, D. (2022). webTWAS: a resource for disease candidate susceptibility genes identified by transcriptome-wide association study. Nucleic Acids Res. 50, D1123–D1130. doi:10.1093/nar/gkab957
 Chen, C., Wang, C., Zhao, P., Zhang, J., Ma, D., and Fei, J. (2022). Determination of dopamine based on a temperature-sensitive PMEO2MA and Au@rGO-MWCNT nanocomposite-modified electrode. Analyst 147, 303–311. doi:10.1039/d1an02134f
 Childress, M. Q., Christian, J. A., Ramos-Vara, J. A., Rosen, N. K., and Ruple, A. (2022). Greater baseline serum C-reactive protein concentrations are associated with reduced survival in dogs receiving cyclophosphamide, doxorubicin, vincristine, and prednisone chemotherapy for primary nodal diffuse large B-cell lymphoma. Vet. J. 289, 105911. doi:10.1016/j.tvjl.2022.105911
 Dong, J., Ren, L., Zhang, Y., Cui, X., Hu, P., and Xu, J. (2015). Direct electrodeposition of cable-like CuO@Cu nanowires array for non-enzymatic sensing. Talanta 132, 719–726. doi:10.1016/j.talanta.2014.10.027
 Duan, Z., Li, C., Zhang, Y., Yang, M., Gao, T., and Liu, X. (2022). Cryogenic minimum quantity lubrication machining: From mechanism to application. Front. Mech. Eng. 16, 649–697. doi:10.1007/s11465-021-0654-2
 Dung, N. Q., Patil, D., Jung, H., and Kim, D. (2013). A high-performance nonenzymatic glucose sensor made of CuO–SWCNT nanocomposites. Biosens. Bioelectron. 42, 280–286. doi:10.1016/j.bios.2012.10.044
 Ejaz, A., Babar, H., Ali, H. M., Jamil, F., Janjua, M. M., and Fattah, I. R. (2021). Concentrated photovoltaics as light harvesters: Outlook, recent progress, and challenges. Sustain. Energy Technol. Assess. 46, 101199. doi:10.1016/j.seta.2021.101199
 Fang, Q., Liu, X., Zeng, K., Zhang, X., Zhou, M., and Du, J. (2022). Centrifuge modelling of tunnelling below existing twin tunnels with different types of support. Undergr. space 7, 1125–1138. doi:10.1016/j.undsp.2022.02.007
 Farvardin, N., Jahani, Sh., Kazemipour, M., and Foroughi, M. M. (2020). The synthesis and characterization of 3D mesoporous CeO2 hollow spheres as a modifier for the simultaneous determination of amlodipine, hydrochlorothiazide and valsartan. Anal. Methods 12, 1767–1778. doi:10.1039/d0ay00022a
 Fathi, Z., Jahani, Sh., Shahidi Zandi, M., and Foroughi, M. M. (2020). Synthesis of bifunctional cabbage flower–like Ho3+/NiO nanostructures as a modifier for simultaneous determination of methotrexate and carbamazepine. Anal. Bioanal. Chem. 412, 1011–1024. doi:10.1007/s00216-019-02326-8
 Filippi-Chiela, E. C., Eduardo Vargas, J., Bueno e Silva, M. M., Thome, M. P., and Lenz, G. (2022). Vincristine promotes differential levels of apoptosis, mitotic catastrophe, and senescence depending on the genetic background of glioblastoma cells. Toxicol. Vitro 85, 105472. doi:10.1016/j.tiv.2022.105472
 Foroughi, M. M., Jahani, Sh., Aramesh-Boroujeni, Z., Vakili Fathabadi, M., Hashemipour Rafsanjani, H., and Rostaminasab Dolatabad, M. (2021). Template-free synthesis of ZnO/Fe3O4/Carbon magnetic nanocomposite: Nanotubes with hexagonal cross sections and their electrocatalytic property for simultaneous determination of oxymorphone and heroin. Michrochem. J. 170, 106679. doi:10.1016/j.microc.2021.106679
 Foroughi, M. M., and Jahani, S. (2021). Investigation of a high-sensitive electrochemical DNA biosensor for determination of Idarubicin and studies of DNA-binding properties. Microchim. J. 179, 107546. doi:10.1016/j.microc.2022.107546
 Gao, T., Li, C., Wang, Y., Liu, X., An, Q., and Li, H. N. (2022). Carbon fiber reinforced polymer in drilling: From damage mechanisms to suppression. Compos. Struct. 286, 115232. doi:10.1016/j.compstruct.2022.115232
 Gupta, M. M., Singh, D. V., Tripathi, A. K., Pandey, R., Verma, R. K., and Singh, S. (2005). Simultaneous determination of vincristine, vinblastine, catharanthine, and vindoline in leaves of catharanthus roseus by high-performance liquid chromatography. J. Chromatogr. Sci. 43, 450–453. doi:10.1093/chromsci/43.9.450
 Hu, Z., and Liu, H. (2015). Three-dimensional CuO microflowers as anode materials for Li-ion batteries. Ceram. Int. 41, 8257–8260. doi:10.1016/j.ceramint.2015.03.010
 Iftikhar, T., Asif, M., Aziz, A., Ashraf, G., Jun, S., and Li, G. (2021). Topical advances in nanomaterials based electrochemical sensors for resorcinol detection. Trends Environ. Anal. Chem. 31, e00138. doi:10.1016/j.teac.2021.e00138
 Iftikhar, T., Aziz, A., Ashraf, G., Xu, Y., Li, G., and Zhang, T. (2022). Engineering MOFs derived metal oxide nanohybrids: Towards electrochemical sensing of catechol in tea samples. Food Chem. 395, 133642. doi:10.1016/j.foodchem.2022.133642
 Iftikhar, T., Xu, Y., Aziz, A., Ashraf, G., Li, G., and Asif, M. (2021). Tuning electrocatalytic aptitude by incorporating α-MnO2 nanorods in Cu-MOF/rGO/CuO hybrids: Electrochemical sensing of resorcinol for practical applications. ACS Appl. Mat. Interfaces 13, 31462–31473. doi:10.1021/acsami.1c07067
 Jahani, Sh., Sedighi, A., Toolabi, A., and Foroughi, M. M. (2022). Development and characterization of La2O3 nanoparticles@snowflake-like Cu2S nanostructure composite modified electrode and application for simultaneous detection of catechol, hydroquinone and resorcinol as an electrochemical sensor. Electrochim. Acta 416, 140261. doi:10.1016/j.electacta.2022.140261
 Jansi Rani, B., Ravi, G., Yuvakkumar, R., Hasan, Zinab M., Ravichandran, S., and Hong, S. I. (2020). Binder free, robust and scalable CuO@GCE modified electrodes for efficient electrochemical water oxidation. Mat. Chem. Phys. 239, 122321. doi:10.1016/j.matchemphys.2019.122321
 Jia, D., Zhang, Y., Li, C., Yang, M., Gao, T., and Said, Z. (2022). Lubrication-enhanced mechanisms of titanium alloy grinding using lecithin biolubricant. Tribol. Int. 169, 107461. doi:10.1016/j.triboint.2022.107461
 Jin, Y., Li, Y., Uddin, M. E., Sparreboom, A., and Hu, S. (2021). Rapid quantification of vincristine in mouse plasma using ESI-LC-MS/MS: Application to pharmacokinetic studies. J. Chromatogr. B 1168, 122591. doi:10.1016/j.jchromb.2021.122591
 Khan, J., Ali, G., Khurshid, A., Saeed, A., Ahmad, S., and Ullah, N. (2022). Mechanistic efficacy assessment of selected novel methanimine derivatives against vincristine induced neuropathy: In-vivo, ex-vivo and in-silico correlates. Int. Immunopharmacol. 112, 109246. doi:10.1016/j.intimp.2022.109246
 Kiani, M., Qomi, M., Hashemian, F., and Rajabi, M. (2018). Multivariate optimization of solvent bar microextraction combined with HPLC-UV for determination of trace amounts of vincristine in biological fluids. J. Chromatogr. B 1072, 397–404. doi:10.1016/j.jchromb.2017.10.054
 Kumar, R., Ranjan, N., Kumar, V., Kumar, R., Singh Chohan, J., and Piyush, A. Y. (2022). Characterization of friction stir-welded polylactic acid/aluminum composite primed through fused filament fabrication. J. Mat. Eng. Perform. 31, 2391–2409. doi:10.1007/s11665-021-06329-4
 Li, A. L., Crystal, J. D., Lai, Y. Y., Sajdyk, T. J., Renbarger, J. L., and Hohmann, A. G. (2021). An adolescent rat model of vincristine-induced peripheral neuropathy. Neurobiol. Pain 10, 100077. doi:10.1016/j.ynpai.2021.100077
 Li, B., Li, C., Zhang, Y., Wang, Y., Jia, D., and Yang, M. (2016). Grinding temperature and energy ratio coefficient in MQL grinding of high-temperature nickel-base alloy by using different vegetable oils as base oil. Chin. J. Aeronaut. 29, 1084–1095. doi:10.1016/j.cja.2015.10.012
 Moarefdoust, M. M., Jahani, Sh., Moradalizadeh, M., Motaghi, M. M., and Foroughi, M. M. (2022). A DNA biosensor based on a raspberry-like hierarchical nano-structure for the determination of the anticancer drug nilotinib. ChemistrySelect 11, e202100261. doi:10.1002/open.202100261
 Moarefdoust, M. M., Jahani, Sh., Moradalizadeh, M., Motaghi, M. M., and Foroughi, M. M. (2022). A DNA biosensor based on a raspberry-like hierarchical nano-structure for the determination of the anticancer drug nilotinib. ChemistryOpen 11, e202100261. doi:10.1002/open.202100261
 Mujib, A., Fatima, S., and Malik, M. Q. (2022). Cryo-derived plants through embryogenesis showed same levels of vinblastine and vincristine (anticancer) in Catharanthus roseus and had normal genome size. Sci. Rep. 12, 16635. doi:10.1038/s41598-022-20993-z
 Núñez, C., Triviño, J. J., and Arancibia, V. (2021). A electrochemical biosensor for As(III) detection based on the catalytic activity of Alcaligenes faecalis immobilized on a gold nanoparticle–modified screen–printed carbon electrode. Talanta 223, 121702. doi:10.1016/j.talanta.2020.121702
 Park, H. J., Choi, N.-J., Kang, H., Jung, M. Y., Park, J. W., and Park, K. H. (2014). A ppb-level formaldehyde gas sensor based on CuO nanocubes prepared using a polyol process. Sensors Actuators B Chem. 203, 282–288. doi:10.1016/j.snb.2014.06.118
 Saify Nabiabad, H., and Amini, M. (2020). Fabrication of an impedimetric immunosensor for screening and determination of vincristine in biological samples. J. Anal. Chem. 75, 1094–1101. doi:10.1134/s1061934820080092
 Tian, Y., Yu, L., Wang, W. P., Zhang, X., and Peng, W. (2015). CuO nanoparticles on sulfur-doped graphene for nonenzymatic glucose sensing. Electrochim. Acta 156, 244–251. doi:10.1016/j.electacta.2015.01.016
 Uma Maheswari, R., Jansi Rani, B., Ravi, G., Yuvakkumar, R., Ameen, F., and Al-Sabri, A. (2018). Structural, morphological, optical and antibacterial properties of pentagon CuO nanoplatelets. J. Sol-Gel Sci. Tech. 87, 515–527. doi:10.1007/s10971-018-4773-0
 Vakili Fathabadi, M., Hashemipour Rafsanjani, H., Foroughi, M. M., Jahani, Sh., and Arefi Nia, N. (2020). Synthesis of magnetic ordered mesoporous carbons (OMC) as an electrochemical platform for ultrasensitive and simultaneous detection of thebaine and papaverine. J. Electrochem. Soc. 167, 027509. doi:10.1149/1945-7111/ab6446
 Yang, C., Wang, J., Xiao, F., and Xintai, S. (2014). Microwave hydrothermal disassembly for evolution from CuO dendrites to nanosheets and their applications in catalysis and photo-catalysis. Powder Technol. 264, 36–42. doi:10.1016/j.powtec.2014.05.012
 Yang, M., Li, C., Zhang, Y., Wang, Y., Li, B., and Jia, D. (2017). Research on microscale skull grinding temperature field under different cooling conditions. Appl. Therm. Eng. 126, 525–537. doi:10.1016/j.applthermaleng.2017.07.183
 Yang, Z., Feng, J., Qiao, J., Yan, Y., Yu, Q., and Sun, K. (2012). Copper oxide nanoleaves decorated multi-walled carbon nanotube as platform for glucose sensing. Anal. Methods 4, 1924. doi:10.1039/c2ay25283j
 Yong, Y., Jing-Bo, H., Jun, S., and Qi-Long, L. (2004). Study on the electrochemical behaviors of vincristine and the interaction of vincristine with tubulin. Acta Chim. Sin. 62, 137–141. 
 Zhang, H., Zou, Q., Ju, Y., Song, C., and Chen, D. (2022). Distance-based support vector machine to predict DNA N6-methyladenine modification. Curr. Bioinform. 17, 473–482. doi:10.2174/1574893617666220404145517
 Zhang, Y. B., Li, C. H., Yang, M., Jia, D. Z., Wang, Y., and Li, B. (2016). Experimental evaluation of cooling performance by friction coefficient and specific friction energy in nanofluid minimum quantity lubrication grinding with different types of vegetable oil. J. Clean. Prod. 139, 685–705. doi:10.1016/j.jclepro.2016.08.073
 Zhang, Y., Zheng, J., and Guo, M. (2016). Preparation of molecularly imprinted electrochemical sensor for detection of vincristine based on reduced graphene oxide/gold nanoparticle composite film. Chin. J. Chem. 34, 1268–1276. doi:10.1002/cjoc.201600582
 Zheng, B., Liu, G., Yao, A., Xiao, Y., Juan, D., and Guo, Y. (2014). A sensitive AgNPs/CuO nanofibers non-enzymatic glucose sensor based on electrospinning technology. Sensors Actuators B 195, 431–438. doi:10.1016/j.snb.2014.01.046
 Zhou, Q., Umar, A., Sodki, E. M., Amine, A., Xu, L., and Gui, Y. (2018). Fabrication and characterization of highly sensitive and selective sensors based on porous NiO nanodisks. Sens. Actuators B 259, 604–615. doi:10.1016/j.snb.2017.12.050
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Abbasi, Alsaikhan, Obaid, Jahani, Biroudian, Oveisee, Arab, Aramesh-Boroujeni and Foroughi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 10 March 2023
doi: 10.3389/fchem.2023.1121450


[image: image2]
Probe-integrated electrochemical immunosensor based on electrostatic nanocage array for reagentless and sensitive detection of tumor biomarker
Dong Chen1, Xuan Luo2 and Fengna Xi2*
1General Surgery Department, Shanxi Bethune Hospital, Taiyuan, China
2Department of Chemistry, Zhejiang Sci-Tech University, Hangzhou, China
Edited by:
Zhijuan Zhang, Henan University of Traditional Chinese Medicine, China
Reviewed by:
Nianzu Liu, Qilu University of Technology (Shandong Academy of Sciences), China
Weiling Song, Qingdao University of Science and Technology, China
* Correspondence: Fengna Xi, fengnaxi@zstu.edu.cn
Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry
Received: 11 December 2022
Accepted: 02 March 2023
Published: 10 March 2023
Citation: Chen D, Luo X and Xi F (2023) Probe-integrated electrochemical immunosensor based on electrostatic nanocage array for reagentless and sensitive detection of tumor biomarker. Front. Chem. 11:1121450. doi: 10.3389/fchem.2023.1121450

Sensitive detection of tumor biomarkers is crucial for early diagnosis and prognosis evaluation of cancer. Owing to no need of labelled antibody, formation of sandwich immunocomplexes and additional solution-based probe, probe-integrated electrochemical immunosensor for reagentless detection of tumor biomarkers is highly desirable. In this work, sensitive and reagentless detection of a tumor biomarker is realized based on fabrication of a probe-integrated immunosensor by confining redox probe in electrostatic nanocage array modified electrode. Indium tin oxide (ITO) electrode is employed as the supporting electrode because it is cheap and easily available. The silica nanochannel array consisted of two layers with opposite charges or different pore diameters was designated as bipolar films (bp-SNA). In this work, Electrostatic nanocage array is equipped on ITO electrode by growth of bp-SNA with two layered nanochannel array having different charge properties including a negatively charged silica nanochannel array (n-SNA) and a positively charged amino-modified SNA (p-SNA). Each SNA can be easily grown with 15 s using electrochemical assisted self-assembly method (EASA). Methylene blue (MB) is applied as the model electrochemical probe with positive charge to be confined in electrostatic nanocage array with stirring. The combination of the electrostatic attraction from n-SNA and the electrostatic repulsion from p-SNA endows MB with highly stable electrochemical signal during continuous scanning. When the amino groups of p-SNA are modified using the bifunctional glutaraldehyde (GA) to introduce aldehydes, the recognitive antibody (Ab) of the most commonly used tumor biomarker, carcinoembryonic antigen (CEA), can be covalently immobilized. After the non-specific sites are blocked, the immunosensor is successfully fabricated. As the formation of antigen-antibody complex decreases electrochemical signal, the immunosensor can achieve reagentless detection of CEA ranged from 10 pg/mL to 100 ng/mL with a low limit of detection (LOD, 4 pg/mL). Determination of CEA in human serum samples is realized with high accuracy.
Keywords: tumor biomarker, electrochemical immunosensor, electrostatic nanocage array, confined redox probe, reagentless detection
1 INTRODUCTION
Cancer, malignant tumor, is a serious threat to human health. As known, early screening and diagnosis of cancer is the key to reduce mortality. Tumor biomarkers are substances secreted by tumor cells or produced by the body to resist tumors in the process of tumor formation and growth (Fumet et al., 2020; Jones et al., 2021; Liu et al., 2022) Their appearance can precede the morphological and biological changes of cells or tissues. Thus, tumor biomarkers play an important role in the pathological diagnosis, accurate classification, clinical diagnosis and treatment, observation of curative effect, and prognosis evaluation of cancer. For example, carcinoembryonic antigen (CEA) is one of the most important tumor biomarkers related to colon cancer, lung cancer and ovarian cancer (Tan et al., 2009; Grunnet and Sorensen, 2012; Sorensen et al., 2016) CEA is usually produced in gastrointestinal tissues during fetal development, but it stops after birth. Commonly, CEA exists in the blood of healthy adults at a very low level (usually below 5.0 ng/mL). However, it increases significantly in cancer patients. Therefore, rapid and sensitive determination of CEA is of great significance.
At present, methods based on enzyme linked immunosorbent assay (ELISA) (Arnab et al., 2014) chemiluminescence (Hou et al., 2022) fluorescence (Wu et al., 2021) surface plasmon resonance (SPR) (Liu et al., 2016) and quartz crystal microbalance (QCM) (Chi et al., 2020) have been used for CEA detection. However, these methods commonly suffer from low operation speed, unsatisfied sensitivity, expensive instruments, and special reagents. Electrochemical (EC) immunosensors are attractive because of simple instrument, easy operation, high sensitivity and great potential for integration and miniaturization (Lin et al., 2020; Zhang et al., 2022a) In addition, electrochemical sensors can achieve high sensitivity or even ultra-high sensitivity in combination with nanomaterial-based signal amplification (Ayl´en et al., 2022; Zheng et al., 2022a) These merits of characteristics exhibit great potential in fast and sensitive detection of tumor biomarkers in biological samples. Usually, EC detection is based on the electrochemical signal of the analyte or redox probe (Gong et al., 2022a; Zheng et al., 2022b) As tumor biomarkers are proteins with no electrochemical activity, electrochemical detection of tumor markers is mainly realized based on the change of the electrochemical signal of redox probes (Chen et al., 2022) Therefore, effective signal probes are the key to detect tumor biomarkers in EC immunoassay. Compared with the detection based on free probes in solution, the probe-integrated (reagentless) immunosensors based on the immobilization of redox probes on the electrode surface can realize convenient and rapid detection (Gong et al., 2022b) In comparison with the sandwich immunoassay, these label-free immunosensors without label of antibody also greatly reduce the cost of detection and simplify the operation steps. Thus, the development of simple and reliable probe-integrated electrochemical immunosensors is highly desirable.
The introduction of nanomaterials to efficiently immobilize signal probes is the key to build probe-integrated immunosensors with high sensitivity. Recent studies have proven that silica nanochannel array film (SNA), also vertically-ordered silica nanochannels film (VMSF), is attractive as a matrix to enrich electrochemical or electrochemiluminescence probes (Liang et al., 2021; Ma et al., 2022a) SNA is a nanoscale ultrathin film (20–200 nm) with high pore density (∼7.5 × 1012 pores/cm2), ultrasmall (2–3 nm) nanochannel array (Walcarius, 2021; Yan et al., 2021) These unique structures endow SNA modified electrodes with significant advantages in electrochemical sensing applications (Ma et al., 2022b; Huang et al., 2022; Zou et al., 2022) For instance, ultrasmall nanochannels have screening capabilities on molecular level. On the one hand, the large substances in complex matrices cannot enter the nanochannels, leading to high anti-fouling of the electrodes (Zhou et al., 2022a; Zhou et al., 2022b; Deng et al., 2023) On the other hand, the dissociation of silanol groups (Si-OH, pKa∼2) in SNA makes the surface of nanochannel negatively charged, which can enrich positively charged molecules through electrostatic interaction (Zheng et al., 2022c; Wang et al., 2022; Huang et al., 2023) The charge of SNA can also be reversed by introducing functional groups. Thus, functional nanostructures, e.g., electrostatic nanocage arrays, can be flexibly designed by growing multilayer of SNA (Gong et al., 2022b; Gong et al., 2022c) Secondly, SNA with confined probe can generate gating signal when biomacromolecules are detected. As known, the SiO2 structure of SNA is an electrical insulator. As antibodies cannot enter the nanochannels of SNA, they can only be immobilized on the outer surface of SNA. When tumor biomarkers bind with the recognitive antibodies, the entrance of some nanochannels will be blocked, decreasing the signal of immobilized electrochemical probes resulting from the increased interface resistance of electrode (Gong et al., 2022b) Therefore, in combination of high specific surface area, SNA-based electrodes exhibit great potential for the construction of probe-integrated electrochemical immunosensors.
In this work, a probe-integrated electrochemical immunosensor is fabricated based on confinement of electrochemical probe in electrostatic nanocage array prepared by double-layered bipolar SNA (bp-SNA), which enables sensitive and reagentless detection of tumor marker carcinoembryonic antigen (CEA). The cheap and easily available indium tin oxide (ITO) electrode is applied as the supporting electrode to successively grow the negatively charged SAN (n-SNA) and the positively charged SNA with rich amine groups (p-SNA). Owing to the asymmetric surface charge, n-SNA and p-SNA constitute bp-SNA with electrostatic nanocage array. The electrochemical probe, methylene blue (MB), is electrostatically confined in the nanocage array to achieve high loading and good stability (MB@bp-SNA/ITO). After the amine groups of p-SNA is modified to produce aldehyde surface, CEA recognitive antibody (Ab) are covalently immobilized on the outer surface of bp-SNA followed by blocking non-specific sites to fabricate the immunosensor interface. The constructed probe-integrated immunoassay system is also employed to achieve rapid and highly sensitive detection of CEA. The developed probe-integrated electrochemical immunosensor has advantages of simple fabrication and easy operation because of no need labelled antibody, formation of sandwich immunocomplexes and additional solution-based probe. In addition, stable enrichment of electrochemical probe in electrostatic nanocage array leads to reagentless detection of tumor biomarkers with high sensitivity and good stability.
2 MATERIALS AND METHODS
2.1 Chemicals and materials
Tetraethyl orthosilicate (TEOS), hexadecyl trimethyl ammonium bromide (CTAB), sodium phosphate dibasic dodecahydrate (Na2HPO4•12H2O), methylene blue trihydrate (MB), glutaraldehyde (GA) and tripyridine ruthenium chloride hexahydrate (Ru(bpy)3Cl2•6H2O) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). Sodium dihydrogen phosphate dehydrate (NaH2PO4•2H2O), 3-aminopropyltriethoxysilane (APTES) and potassium hydrogen phthalate (KHP) were purchased from Macklin (Shanghai, China). Ethanol (EtOH) and hydrochloric acid (HCl) was obtained from Hangzhou Gaojing Chemistry Co., Ltd. (Hangzhou, China). Sodium nitrate (NaNO3) were purchased from the Wuxi Zhang Wang Chemical Industry (Wuxi, China). Carbohydrate antigen 199 (CA199), carcinoembryonic antigen (CEA), CEA antibody, prostate specific antigen (PSA), carcinoma antigen 125 (CA125) and alphafetoprotein (AFP) were purchased from Beijing KEY-BIO Biotech Co., Ltd. (Beijing, China). ITO coated glasses (<17 Ω/square, thickness: 100 ± 20 nm) were purchased from Zhuhai Kaivo Optoelectronic Technology (Shenzhen, China). To get a clean surface, ITO was immersed in NaOH solution (1 M) overnight and then sonicated in acetone, ethanol, and ultrapure water, respectively. All aqueous solutions were prepared with ultrapure water (18.2 MΩ cm) in this work.
2.2 Measurements and instrumentations
The morphology of bp-SNA modified electrode were investigated using field-emission scanning electron microscope (SEM, S-4800, Hitachi, Japan) and transmission electron microscope (TEM, Hitachi, HT7700, Japan), respectively. The acceleration voltage of TEM is 100 kV. The TEM sample was prepared by peeling the bp-SNA from the ITO electrode surface. After being dispersed in ethanol (200 μL) and sonicated, the obtained solution was dropped onto a copper grid. An Autolab PGSTAT302N electrochemical workstation (Metrohm, Switzerland) was used to perform all electrochemical measurements including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry (DPV). A traditional three-electrode system was used with bare or modified ITO as working electrode, Ag/AgCl (saturated KCl solution) as reference electrode and Pt wire electrode as counter electrode. The applied DPV parameters including step modulation amplitude (0.005 V), modulation time (0.05 s) and interval time (0.2 s).
2.3 Preparation of MB@bp-SNA/ITO
The n-SNA was firstly grown on bare ITO electrode (1 cm × 0.5 cm) by EASA method (Zhang et al., 2022b; Yang et al., 2022) Briefly, a mixture consisting of NaNO3 aqueous solution (20 mL, 0.1 M, pH = 2.6), ethanol (20 mL), TEOS (3.050 mL), and CTAB (1.585 g) were prepared. After stirring for 2.5 h to pre-hydrolyze TEOS, the precursor for the growth of n-SNA was obtained. Then, bare ITO electrode was immersed into the precursor solution and applied a constant current density (−0.70 mA cm−2) for 10 s. After being quickly rinsed with ultrapure water and aged at 120°C overnight, the modified electrode containing surfactant micelles (SM) inside the nanochannels was obtained and termed as SM@n-SNA/ITO. The bp-SNA/ITO electrode was then obtained after p-SNA was grown on n-SNA/ITO electrode by EASA method. Typically, a solution consisting of NaNO3 aqueous solution (20 mL, 0.1 M, pH = 2.6), ethanol (20 mL), TEOS (2.732 mL), APTES (0.318 mL) and CTAB (1.585 g) were mixed and stirred for 2.5 h to obtain the precursor solution. Before the growth of p-SNA, the possible silica spheres on SM@n-SNA/ITO electrode were removed by scotch tape. SM could be removed by immersing the SM@n-SNA/ITO electrode in HCl-ethanol solution (0.1 M) and stirring for 5 min. Subsequently, the n-SNA/ITO was placed in the above precursor solution and a constant current density (−0.70 mA cm−2) was applied to the electrode for 15 s. After rinsed with a large amount of ultrapure water and aged overnight at 120°C, the SM@bp-SNA/ITO electrode was obtained. Finally, silica spheres on the surface of bp-SNA/ITO electrode were removed by Scotch tape. SM was removed using HCl-ethanol solution (0.1 M) to get an electrode with electrostatic nanocage array, that was termed as bp-SNA/ITO. Then, MB was confined in electrostatic nanocage array. Briefly, bp-SNA/ITO was immersed in a PBS (0.01 M, pH = 7.4) solution containing MB (1 mM) under stirring for 6 min. After thorough rise, electrode with confined probe was obtained and denoted as MB@bp-SNA/ITO.
2.4 Fabrication of immunosensor
To fabricate the immuno-recognitive interface, glutaraldehyde (GA) was chosen as the bifunctional linker to introduce aldehyde groups on the outer surface of p-SNA. Briefly, the MB@bp-SNA/ITO electrode was immersed in GA (1%, pH = 7.4) solution for 1 h at 37°C in the dark. After removing the residual GA, CEA antibody (50 μL, 10 μg/mL) was dropped on the surface of GA/MB@bp-SNA/ITO electrode and incubated at 37°C for 1 h. The unbounded CEA antibody was rinsed with PBS and the obtained electrode (Ab/GA/MB@bp-SNA/ITO) was immersed in BSA (1 mg/mL in 0.01 M PBS, pH 7.4) at 37°C for 1 h to block non-specific sites. Finally, the immunosensor, BSA/Ab/GA/MB@bp-SNA/ITO electrode, was obtained.
2.5 Electrochemical detection of CEA
For the detection of CEA, each BSA/Ab/GA/MB@bp-SNA/ITO electrode was incubated with different concentrations of CEA at 37°C for 0.5 h. PBS (0.01 M, pH = 7.4) was used as the detection electrolyte and the electrochemical signals of MB in absence and presence of CEA were measured by DPV. For the analysis of real sample, human serum (healthy woman) was diluted by a factor of 50 using PBS (0.01 M, pH 7.4).
3 RESULTS AND DISCUSSION
3.1 Fabrication of probe-integrated immunosensor based on confinement of redox probe on electrostatic nanocage array
Electrochemical detection has the advantages of fast detection speed, easy miniaturization and integration. In addition, high sensitivity can be achieved by combining nanomaterial for signal amplification. As the electrode is easy to be contaminated by the complex matrix of real sample, the current electrochemical immunoassay mostly uses sandwich immune complexes with the labeling signal on the second antibody (Ab2) for detection. However, antibody labeling and sandwich immunoassay mode increase the operation complexity and detection cost. Electrochemical immunoassay without the label of antibody remains challenges. In this work, a probe-integrated electrochemical immunosensor is constructed for highly sensitive detection of CEA by confinement redox probe on electrostatic nanocage array. Figure 1 illustrates the fabrication of probe-integerated immunosensor based on confinement of redox probe on electrostatic nanocage array. As shown, the cheap ITO electrode is used as the support electrode and SNA with negative charge (n-SNA) can be rapidly grown on ITO surface within 10 s by electrochemical assisted self-assembly method (EASA). Using the negative surface charge and high specific surface area of n-SNA, small molecule probes with opposite charges (MB) can be immobilized in large quantities through electrostatic interaction. However, the probes are easy to run off during use, thus reducing the detection accuracy of immunoassay. In this work, positive SNA (p-SNA) is further grown on the surface of n-SNA, and a bipolar film (bp-SNA) is prepared by using the above double-layered SNA with asymmetric surface charge. As shown, bp-SNA is consisted of electrostatic nanocage array. Based on the electrostatic attraction of the inner n-SNA layer and the electrostatic repulsion of the outer p-SNA layer, the electrostatic nanocage array can achieve high loading and high stability confinement of the positive electrochemical probe MB (MB@bp-SNA/ITO).
[image: Figure 1]FIGURE 1 | Schematic illustration for the fabrication of probe-integrated immunosensor based on MB confinement in bp-SNA and the electrochemical detection of CEA.
Using functional siloxane, SNA with reactive groups (e.g., amino group, epoxy group, etc.) can be introduced. Herein, amino containing siloxanes (3-aminopropyl-triethoxysilane, APTES) is employed to grow p-SNA with rich amino groups on n-SNA. After the amino group on the outer surface of p-SNA reacts with glutaraldehyde (GA/MB@bp-SNA/ITO), the introduced aldehyde group can be applied to covalently immobilize the recognitive antibody of CEA. After the non-specific sites are blocked by bovine serum albumin (BSA), the immunosensor can be fabricated and donated as BSA/Ab/GA/MB@bp-SNA/ITO. When CEA specifically binds to the Ab on the immune recognitive interface, the formed antigen-antibody complex increases the interface resistance of the electrode, resulting in the reduction of the electrochemical signal of MB. Based on this mechanism, the electrochemical detection of CEA can be realized.
3.2 Morphology of bp-SNA
Transmission electron microscope (TEM) and scanning electron microscope (SEM) are applied to characterize the morphology of bp-SNA. From the top-view TEM images at different magnification, it can be seen that the bp-SNA has nanochannel array evenly arranged in hexagonal shape. No obvious defects are observed and the diameter of each channel is 2.3 ± 0.3 nm (n = 11) (Figure 2A). The cross-sectional SEM image reveals p-SNA layer, n-SNA layer, ITO layer and glass from top to bottom (Figure 2B). The thicknesses of p-SNA layer and n-SNA are 103 ± 1 nm (n = 3) and 111 ± 1 nm (n = 3), respectively. The silica spheres adhered on the surface can be easily removed by adhesive tap.
[image: Figure 2]FIGURE 2 | (A) Top-view TEM images of bp-SNA at different magnification. (B) Cross-sectional SEM image of bp-SNA/ITO.
3.3 Stable confinement of MB in bp-SNA
The standard electrochemical probe (Ru(bpy)32+) was used to investigate the changes of electrode surface during the electrode modification. As shown in Figure 3A, the redox signal of Ru(bpy)32+ can be observed on bare ITO electrode. When n-SNA was grown on ITO surface, a significantly increased redox peak was observed. This is due to the negative charge generated by the ionization of silanol group (pKa∼2) in n-SNA, which can attract Ru(bpy)32+ electrostatically, thus generating high redox signal. However, there is no obvious redox peak on bp-SNA/ITO after further growth of p-SNA, which is attributed to the electrostatic repulse from the positively charged sites generated after the protonation of amino groups in p-SNA. When bp-SNA/ITO is stirred in Ru(bpy)32+ solution, the redox peak current of Ru(bpy)32+ increases with the increase of stirring time. After stirring for 8 min, the redox peak current reaches the maximum value. In addition, the peak current is significantly higher than that of n-SNA/ITO electrode. This shows that the positive probe can break through the electrostatic repulsion of the outer p-SNA in the stirring process. The probed can be enriched by the inner n-SNA, generating a high redox signal. Supplementary Figure S1 (SI) compares cyclic voltammetry curves obtained from bare ITO, n-SNA or bp-SNA modified ITO electrodes in KHP containing Fe(CN)63−. As seen, the peak current obtained on n-SNA/ITO electrode decreased resulting from the permselective towards anionic Fe(CN)63−. After the growth of bp-SNA, Fe(CN)63− is attracted by the electrostatic attraction of the external p-SNA layer and repelled by the electrostatic repulsion of the internal n-SNA layer. Thus, an increased current for Fe(CN)63− was observed at the bp-SNA/ITO compared with the n-SNA/ITO. However, the electrochemical signal of Fe(CN)63− displays almost no change after stirring for 30 min, indicating no effect on the enrichment of negative probes.
[image: Figure 3]FIGURE 3 | CV curves obtained on bare ITO, n-SNA/ITO, bp-SNA/ITO electrodes in KHP (0.05 M, pH = 4) containing 10 μM Ru(bpy)32+ (A) or MB (B) solution.
The electrochemical probe, methylene blue (MB), is chosen to be confined in the nanocage array in this work. In case of the positively charged MB, its electrochemical signals on ITO, n-SNA/ITO, bp-SNA/ITO electrodes exhibit a consistent trend with that of Ru(bpy)32+. In the stirring state, MB can also break through the electrostatic repulsion of the outer p-SNA layer and be enriched by the negatively charged n-SNA. The enrichment equilibrium time was 6 min (Figure 3B).
The inset in Figure 4 shows the CV curves when the electrode with fixed MB probe (MB/bp-SNA/ITO) is placed in buffer solution for continuous scanning. As seen, the peak currents do not significantly change when the electrode is continuously scanned. The peak currents obtained on the 1st and 20th scanning cycles are basically the same (Figure 4), indicating high stability of MB. This phenomenon is unlike the single-layered n-SNA modified electrode which only concentrates MB by electrostatic attraction. When MB is entrapped in electrostatic nanocage array in bp-SNA, the electrostatic attraction of the inner n-SNA and the electrostatic repulsion of the outer layer p-SNA makes MB stably confined in bp-SNA/ITO electrode.
[image: Figure 4]FIGURE 4 | CV curves obtained on MB@bp-SNA/ITO in PBS (0.01 M, pH = 7.4). The inset is the CV curves obtained in successive scanning.
3.4 Fabrication of the immunosensor
CV, DPV and EIS are used to observe the changes of electrode surface during the construction of immunosensor. When MB/bp-SNA/ITO is modified with GA derivatization (GA/MB/bp-SNA/ITO), immobilization of antibodies and blocking of non-specific sites (BSA/Ab/GA/MB/bp-SNA/ITO), the electrode surface resistance gradually increases, leading to gradually decreased redox peak current of MB (Figure 5A). The DPV curves in Figure 5B also proves the same result. When the fabricated immunosensor was incubated with CEA, decreased peak currents are observed resulting from the formation of antigen-antibody complex. Supplementary Figure S2 shows the EIS responses of each electrode to 2.5 mM Fe(CN)63−/4−. As seen, the charge transfer resistance was increased after each modification, which was consistent with the current variation of CV and DPV responses.
[image: Figure 5]FIGURE 5 | (A) CV curves and (B) DPV curves obtained on different modified electrode in PBS (0.01 M, pH = 7.4).
3.5 Reagentless electrochemical detection of CEA using the constructed immunosensor
The fabricated immunosensor, BSA/Ab/GA/MB/bp-SNA/ITO, is employed to detect CEA. Figure 6A shows the DPV curves obtained in presence of different concentrations of CEA. As shown, the peak current gradually decreases with the increase of CEA concentration because the formation of antigen-antibody complex hindered the electrochemical process of confined MB. The peak current (I, μA) is linear proportional to the logarithm of concentration of CEA (logCCEA, ng/mL) in the range from 10 pg/mL to 100 ng/mL (I = −3.79 logCCEA + 18.0, R2 = 0.995, Figure 6B). The limit of detection (LOD) of 4 pg/mL is obtained at a signal-to-noise ratio of 3. The developed immunosensor has advantages of simple operation because of no need of antibody labeling or fabrication of sandwich immunocomplex. However, it cannot be applied under strong alkaline solutions owing to the possible hydrolysis of silica nanochannels.
[image: Figure 6]FIGURE 6 | (A) DPV response of the immunosensor to different concentrations of CEA from 0.01 ng/mL to 100 μg/mL. (B) Calibration curve of the proposed EC immunosensor. Error bars represent the relative standard deviation (RSD) of three measurements.
The selectivity of immunosensor for the detection of CEA was investigated using tumor biomarkers including CA125, PSA, CA199, or AFP as possible interfering substances. Figure 7 shows the DPV peak current (I) obtained on the immunosensor in absence or presence of different interfering substances or their mixture. As seen, the peak current only decreases in the presence of CEA or mixture containing CEA, proving that the sensor has good detection selectivity. The immunosensor remains 92% of initial signal after 20-day storage period at 4°C, indicating high stability of the immunosensor.
[image: Figure 7]FIGURE 7 | The peak current (I) obtained on the immunosensor in absence or presence of different interfering substances or their mixture. Error bars represent the RSD of three measurements.
3.6 Real sample analysis
The reliability of the fabricated immunosensor is evaluated by detection of CEA in real serum sample. The concentration of CEA in a healthy human serum (woman) detected by the constructed immunosensor is 1.92 ± 0.03 ng/mL (mean ± SD, n = 3), which is quite closed to that obtained using the commonly electrochemiluminescence (ECL) analyzer (1.95 ± 0.04 ng/mL). The obtained F-value (2.45) was lower than the critical F-value (19.00), suggesting no significant difference between these two data. To investigated the anti-interference or anti-fouling performance in complex biological media, the concentration of CEA in human serum is also detected by standard addition method. As shown in Supplementary Table S1 (SI), the recovery rate is between 97.7%–102% with low relative standard deviation (RSD, less than 4.0%). These results confirm high anti-interference or anti-fouling performance in complex biological media, suggesting good accuracy in CEA determination in real samples.
4 CONCLUSION
In summary, a probe-integrated electrochemical immunosensor is conveniently constructed for reagentless and sensitive detection of a tumor marker, carcinoembryonic antigen (CEA). To avoid adding any solution-based electrochemical probes, the redox probe, methylene blue (MB), is confined to the electrostatic nanocage array on the electrode surface. Electrostatic nanocage array is prepared by successive growing a layer of negatively charged nanochannel array film (n-SNA) and then a layer of positively charged amino-modified SNA (p-SNA). These two SNA layers with opposite charges form a bipolar film (bp-SNA) with electrostatic nanocage array to immobilize MB. When MB is confined, it is attracted by n-SNA and repelled by p-SNA, leading to high stability. The immunosensor can be constructed after the antibody is covalently immobilized followed with blocking the non-specific sites using bovine serum albumin (BSA). Electrochemical determination of CEA is realized by the reduced electrochemical signal of MB resulting from the formation of antigen-antibody complex and the increased surface resistance of the electrode. Although SNA has been widely used in electrochemiluminescence (ECL) systems because of high sensitivity. SNA-based electrochemical biosensors have advantages of simple instrument, low probe cost, easy integration and miniaturization for portable and real-time detection. The probe-integrated immunosensor has advantages of simple fabrication, no need of labelled antibody and formation of sandwich immunocomplexes, showing great potential in bioanalysis of tumor markers.
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This paper focuses on determining the authenticity and identifying the species of Fritillariae cirrhosae using electronic nose, electronic tongue, and electronic eye sensors, near infrared and mid-level data fusion. 80 batches of Fritillariae cirrhosae and its counterfeits (including several batches of Fritillaria unibracteata Hsiao et K.C. Hsia, Fritillaria przewalskii Maxim, Fritillaria delavayi Franch and Fritillaria ussuriensis Maxim) were initially identified by Chinese medicine specialists and by criteria in the 2020 edition of Chinese Pharmacopoeia. After obtaining the information from several sensors we constructed single-source PLS-DA models for authenticity identification and single-source PCA-DA models for species identification. We selected variables of interest by VIP value and Wilk’s lambda value, and we subsequently constructed the three-source fusion model of intelligent senses and the four-source fusion model of intelligent senses and near-infrared spectroscopy. We then explained and analyzed the four-source fusion models based on the sensitive substances detected by key sensors. The accuracies of single-source authenticity PLS-DA identification models based on electronic nose, electronic eye, electronic tongue sensors and near-infrared were respectively 96.25%, 91.25%, 97.50% and 97.50%. The accuracies of single-source PCA-DA species identification models were respectively 85%, 71.25%, 97.50% and 97.50%. After three-source data fusion, the accuracy of the authenticity identification of the PLS-DA identification model was 97.50% and the accuracy of the species identification of the PCA-DA model was 95%. After four-source data fusion, the accuracy of the authenticity of the PLS-DA identification model was 98.75% and the accuracy of the species identification of the PCA-DA model was 97.50%. In terms of authenticity identification, four-source data fusion can improve the performance of the model, while for the identification of the species the four-source data fusion failed to optimize the performance of the model. We conclude that electronic nose, electronic tongue, electronic eye data and near-infrared spectroscopy combined with data fusion and chemometrics methods can identify the authenticity and determine the species of Fritillariae cirrhosae. Our model explanation and analysis can help other researchers identify key quality factors for sample identification. This study aims to provide a reference method for the quality evaluation of Chinese herbs.
Keywords: Fritillariae cirrhosae, data fusion, electronic nose, electronic eye, Electronic tongue, near infrared spectroscopy, authenticity, species
1 INTRODUCTION
Fritillariae cirrhosae is an herb used both in traditional Chinese medicine and as food. Fritillaria cirrhosae is used in the treatment of cough, it eliminates phlegm, relieves asthma, reduces blood pressure, has analgesic effects, prevents ulcers, and has antibacterial and anti-inflammatory properties (Zhong et al., 2019; Chen et al., 2020). The sources of Fritillariae cirrhosae recorded in the 2020 edition of Chinese Pharmacopoeia include Fritillariae cirrhosae, Fritillaria unibracteata, Fritillaria przewalskii, Fritillaria delavayi, Fritillaria taipaiensis, Fritillaria unibracteata. These are named songbei, qingbei, lubei, etc., based on different characteristics. The Fritillaria genus includes other related plants such as Fritillaria thunbergii, and Fritillaria ussuriensis. Because of the scarcity of Fritillariae Cirrhosae and the difficulties in cultivating it, it is common to find other plants sold as Fritillaria cirrhosae especially the cheap and easy to obtain Fritillaria ussuriensis. The presence of the market of plants sold as Fritillariae Cirrhosae would weaken the safety, efficacy and stability of clinical application of Fritillariae Cirrhosae decoctions. Therefore, efficient, rapid and sensitive authenticity and species identification technology is of great significance to ensure the quality of Fritillariae Cirrhosae decoction pieces (Xin et al., 2014; Hua et al., 2021).
Chinese herb medicines are traditionally identified by integrating a variety of human senses to determine their quality. This method is fast but subjective and difficult to quantify. The development of modern analytical techniques, chemical and biological detection techniques such as chromatography, spectroscopy, and molecular biology has played a key role in the identification and quality evaluation of TCM decoction pieces (Moon et al., 2018; Qi et al., 2018; Pu et al., 2019; Zhang Y. et al., 2021). Detection methods based on modern analytical techniques such as chromatographic methods have high accuracy, but the sample pretreatment is complex, time-consuming and costly. Artificial intelligence sensory technology can imitate human sensory systems, quantifying information and providing fast and accurate comprehensive information on the samples. Such methods are widely used in the detection and analysis of drugs and food (Buratti et al., 2018; Orlandi et al., 2019; Xu et al., 2019; Zhang X. et al., 2021).
Data fusion strategy consists in merging complementary information to obtain more data points; this strategy has been gradually applied to trace the origin of Chinese medicine (Shen et al., 2019; Wang et al., 2019; Jing et al., 2022), identify its quality (Ying et al., 2017; Dai et al., 2018; Sun et al., 2020) and analyze pharmaceutical processes (Wang et al., 2021; Zhang et al., 2022). Data fusion includes low, medium and high-level fusion. In low-level data fusion, the original data are directly combined into a new matrix. In mid-level data fusion, features are firstly extracted from the original data and then features are fused. It is worth noting that the removal of redundant information can improve the efficiency of the algorithm. In high-level data fusion, single data sources are firstly identified and chosen, and the final result is obtained based on the recognition results of each data source (Borràs et al., 2015). The flowchart of data fusion in this article is shown in Supplementary Data Sheet 1. The compositions of traditional Chinese medicine decoction pieces are complex, and the data measured by a single technology are not sufficient to accurately determine the authenticity and identify the species of the samples. Similar to what humans do, data fusion strategies can complement different sensory information to improve the identification accuracy. Previous studies have found that data fusion of observations made by artificial intelligence senses, such as electronic noses, electronic tongues and electronic eyes, can be successfully used to differentiate the two botanical origins of Magnolia Officinalis Cortex (Jing et al., 2022), evaluate the quality of Xiaochaihu granules (Zhang X. et al., 2021), identify products made with Curcuma (Lan et al., 2020), and identify and classify medicinal materials based on their smell and taste (Lan et al., 2020; Jing et al., 2022).
Principal Component Analysis-Discriminant Analysis (PCA-DA) and Partial Least Squares-Discriminant Analysis (PLS-DA) are two methods based respectively on principal component regression and partial least squares regression. The PCA-DA algorithm applies discriminant analysis (DA) based on principal component analysis (PCA), using the principle of principal component analysis to further compress high-dimensional data by maximizing the ratio of within-class variance and minimizing the ratio of between-class variance, thus exploring the combination of variables that can explain the main trends of the dataset (Chua et al., 2011; Wong et al., 2014). PCA-DA can simplify overlapping sample information in multi-dimensional data, and is more suitable for multi-class classification. PLS-DA can reduce the dimension of original data and simplify sample information. The mechanism of this technique is to search for linear combinations of the original variables (latent variables) that display maximum covariance with the Y-variables (classes) for classification prediction (Borraz-Martínez et al., 2019). A discriminator, or threshold is created to separate the different classes. The classification model is established by using known categories as a training set and then is used to predict the unknown samples. PLS-DA can determine whether the samples belong to a predefined category (Ballabio and Consonni, 2013; Yao et al., 2018; Borraz-Martínez et al., 2019). PLS-DA is generally used to deal with binary classification problems, but the PLS algorithm can deal with multi-column dependent variable Y, so PLS-DA can be used for multi-class classification in some cases.
In this study, we used a mid-level data fusion strategy to verify the authenticity and determine the species of Fritillariae Cirrhosae. Firstly, we analyzed the NIR spectra and the sample responses of electronic nose, electronic tongue and electronic eye. Based on four kinds of single source data (electronic nose, electronic eye electronic tongue and NIR), we then constructed PLS-DA models to determine the authenticity of the samples, and PCA-DA models to identify the species of the samples. Secondly, we selected the original variables (electronic sensors) respectively based on Variable Importance in Projection (VIP) and wilk‘s lambda value, and the NIR characteristic spectral bands based on Competitive Adaptive Reweighted Sampling (CARS). And the selected variables from three intelligent sensors were fused for three-source data fusion, the selected variables from four kinds of single source data were fused for four-source data fusion. Finally, based on the fusion variables data matrix, we verified the authenticity and identified the species of the samples. Also, we determined the optimal model based on the accuracies of models and analyzed it in combination with the sensor response signals. This study aims to provide a reference for the quality evaluation of Fritillariae Cirrhosae and other traditional Chinese medicine decoction pieces.
2 MATERIALS AND METHODS
2.1 Samples
80 batches (20 of Fritillaria unibracteata (FU), 20 of Fritillaria przewalskii (FP), 20 of Fritillaria delavayi (FD), and 20 of Fritillaria ussuriensis (FUS)) were collected from either the Zhengzhou traditional Chinese medicine hospital, the Zhengzhou Chinese medicine market, the first affiliated hospital of Henan University of Chinese medicine or the Bozhou Chinese medicine market. Each batch consisted of 100 g of material. Samples plot is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Samples plot: sample15, FU (A); sample38, FP (B); sample50, FD (C); sample73, FUS (D).
2.2 Sample identification
2.2.1 Human experience: Specialist identification
Experts with a wealth of experience in identifying TCM decoction pieces (over 15 years work experience in the production, processing and preparation of TCM decoctions), affiliated with different organizations (universities, industries, hospitals, etc.), and with different backgrounds (covering the cultivation, processing, circulation and use of TCM decoction pieces), were invited to identify the samples. A total of 8 experts from the Henan province identified the samples.
2.2.2 Physicochemical identification based on pharmacopoeia
The samples were identified based on their appearance, by microscopic identification, thin-layer chromatography (TLC), moisture content, ash content and other detection methods as described in the Fritillariae Cirrhosae section in the 2020 edition of Chinese Pharmacopoeia.
2.3 Electronic sensory signal acquisition and preprocessing
2.3.1 Electronic nose
Olfactory information collection was acquired by ten types of metal oxide sensors (W1C, W5S, W3C, W6S, W5C, W1S, W1W, W2S, W2W, and W3S) from German PEN3 electronic nose (PEN3 portable electronic nose by the German AIRSENSE company). 2 g powder were taken from samples 1 to 80 and 3 replicates per sample, marked as A-1, A-2, A-3. Based on our pre-experimental results, the samples were tested after 15 min. The experiment was carried out at 20°C and 60% humidity. The sampling conditions were the following: sampling time (the time the sample was exposed to the sensors), 120 s; cleaning time, 100 s; sampling interval, 1 s; air intaking flow rate, 150 mL·s-1. An olfactory information matrix X1 (80 × 10) was obtained, and the data was used to establish the model.
2.3.2 Electronic eye
The IRIS VA400 electronic eye (France Alpha MOS company) was used to collect visual information on the samples. An area of about 8 × 8 cm2 was randomly selected from each sample and placed on watch glass. Top lighting conditions were selected based on pre-experimental results, and a 24-color color correction plate was used for color correction. A 5 mm aperture was used and the upper and lower backlights were simultaneously turned on to eliminate the background. Images from each sample were collected three times after changing the position of the samples. A visual information matrix X2 (80 × 65) was obtained by 65 sensors, and the data was used to establish the model.
2.3.3 Electronic tongue
Taste information was collected using the TS-5000Z Insent electronic tongue (Ensoul Technology LTD.). The C00, AN0, BT0 and AE1 sensors were used. The principle of the electronic nose is to use sample gas to interact with the sensor to change the conductivity of the active material of the sensor, thus generating the response value. 5 g of each sample were weighed and crushed in an electric homogenizer for 15 s. The sample powder was then placed in 100 mL of artificial saliva to be ultrasonically processed. The samples were subsequently filtered, sterilized and poured into a special cup to be tested by the electronic tongue. The electronic tongue sensor was cleaned in a cleaning solution for 90 s, in a reference solution for 120 s, and in a different reference solution for 120 s. The sensor started to collect sample information after the response value stabilized at 0 for 30s. The acquisition time of the beforetaste value of each sample was 30 s, the sensors were then cleaned for 3 s in the two reference solutions. Finally, the sensors were inserted into the new reference solution to collect data for 30 s and the aftertaste value was exported. This cycle was repeated four times, data from the first cycle was removed, and the average data of the last three cycles was calculated. Liquid used for cleaning, balancing and aftertaste-testing were placed in different sample cups. A six sensor taste information matrix X3 (80 × 6) was obtained and the original data were used to establish the model.
2.3.4 NIR spectra acquisition and spectra selection

(1) NIR spectra acquisition: NIR spectra were acquired by the Nicolet6700 Fourier transform near-infrared spectrometer (InGaAs detector). Sampling mode was set to diffuse reflection. The samples were dried in an oven at 60°C for 6 h and then crushed and sieved with the No.4 Pharmacopoeia sieve (250 ± 9.9 μm). The parameters of the NIR spectrometer were the following: reference: air; temperature: 25°C ± 2°C; relative humidity: 50 %–60%; resolution: 8cm-1; number of scans: 64; scanning range: 12,000 cm-1-4,000 cm-1; number of gratings: 9–11. Each sample was placed in a quartz sample pool and scanned three times. The spectrum information was collected at room temperature by the opus spectrum acquisition software (Bruker company) and the average spectra were calculated. A NIR spectral information matrix X4 (80 × 2075) was obtained.
(2) Spectra selection: The Competitive Adaptive Reweighted Sampling (CARS) method was used to eliminate redundant information in the NIR spectra and to select the characteristic spectra related to the structure of the tested compounds. CARS uses Monte Carlo sampling to establish a Partial Least Squares (PLS) model and simulates the principle of survival of the fittest to eliminate variables by exponential decay function, so that the wavelength variables with smaller absolute values of regression coefficients in the PLS model are removed and the wavelength points with larger weights are screened out through adaptive reweighted sampling technology. An optimal variable wavelength subset was selected based on Root Mean Squares Error of Cross-Validation (RMSECV) of the PLS model (Li et al., 2009; Wang et al., 2017). When using CARS, the number of iterations of Monte Carlo was set to 100, and the pretreatment method of NIR spectra data was “mean centering”.
2.4 Construction of authenticity and species identification model based on single source data
PLS-DA was used to establish the authenticity identification models of Fritillariae cirrhosae based on data from electronic nose, electronic tongue, electronic eye, and NIR spectra. The performance of the four models based on each type of sensor was evaluated with leave-one-out cross-validation. Because PLS-DA has unclassified cases in multi-classification (Rui-xin et al., 2020; Wen-hao and Shi, 2021), PCA-DA was then chosen to establish the species identification models of Fritillariae cirrhosae based on electronic nose, electronic tongue, electronic eye and NIR spectra. The performance of the models was evaluated by the model’s accuracy (the ratio of the number of correctly classified samples to the total number of samples) after leave-one-out cross-validation.
2.5 Variable selection
Variable Importance in Projection (VIP) of each sensor in the authenticity identification model was obtained with the PLS-DA algorithm. VIP can explain the contribution extent of independent variables to dependent variables. The larger the VIP is, the greater the contribution of independent variables compared to dependent variables is. VIP >1 indicates a significant contribution of independent variables to dependent variables. In the identification of authenticity, the original variables with VIP greater than 1 were selected from electronic nose, electronic tongue and electronic eye. Wilk’s lambda value represented the ratio of within-group variation to between-group variation in the training set (Huan-ran et al., 2019). The smaller one variable’s wilk’s lambda value is, the stronger the discriminant ability of this variable is. In species identification, by gradually eliminating the variables with the largest Wilk‘s lambda value in the PCA-DA model, we selected characteristic variables from electronic nose, electronic tongue and electronic eye sensors according to the change of model’s accuracy after removal of different variables. Key wavelengths selected by CARS were used as NIR characteristic variables.
2.6 Construction of authenticity and species identification model based on fusion data
Based on the sample identification results, we constructed an authenticity PLS-DA model and a species PCA-DA model using the fusion of three-source intelligent sensors and three-source intelligent sensors and NIR (based on the variables selected in 2.5). The performance of the model was evaluated considering the accuracy of the model after leave-one-out cross validation.
2.7 Model explanation and analysis
Based on the VIP and Wilk’s lambda value of the optimal discriminant model, we identified the sensors that most contributed to the classification. We analyzed the characteristic component and key quality factors affecting the authenticity and species identification of Fritillariae cirrhosae.
3. RESULTS AND DISCUSSION
3.1 Sample identification
The results of the specialist identification are shown in Supplementary Table S1. When the identification results of 8 specialists are inconsistent, we determined the final specialist identification result of each sample by judging that the number of specialists was whether larger than or equal to 3/4 of the total specialists or not.
The identification results of Fritillariae cirrhosae based on the 2020 edition of Chinese Pharmacopoeia were the following.
• Appearance characteristics: S23, S24, S43 and S61-S80 did not meet the requirements;
• Microscopic identification: S71, S74 and S78 did not contain spiral vessel, while all other samples met the requirements of the pharmacopeia to be identified as F. cirrhosae;
• Thin-Layer Chromatography identification: S23 and S24 did not contain peiminine and therefore were not identified as F. cirrhosae, while TLC of S61-S80 showed the same color spots corresponding to the reference medicinal materials of Fritillariae cirrhosae;
• The results of moisture and ash content for all 80 samples were in line with the requirements of the pharmacopeia for the identification of F. cirrhosae.
After combining the identification results of the specialist identification and the test results based on the 2020 edition of the Chinese Pharmacopoeia, (if the results of artificial experience identification and the pharmacopeia test were in disagreement, we carried out a retest to avoid identification errors), the final results of our identification were: S1-S20, FU; S21-S22, S25-S40, FP; S41-S42, S44-S60, FD; S23, S24, S43, S61-S80, FUS.
3.2 Signal response of electronic senses
Based on the response of the electronic sensors, it can be seen that in the electronic nose test (Figure 2A) most samples had the largest response value on W1W sensor, followed by W1S and W2W, while sample S69 had the largest response value for the W1W, W2W and W5S sensors. All samples had small response values on the W5C, W3C and W1C sensors, which are sensitive to aromatic compounds. In the electronic tongue test (Figure 2B), samples had the largest response value at the B-bitterness2 sensor, which is related to the alkaloid components contained in the samples. The NIR spectra (Figure 2C) showed that the samples had more abundant information at wavelengths 4,000–7,000 cm-1. In the electronic eye test (Figure 2D), the samples had the largest response at color number values of 4,095, 4,093, 4,094, 4,092 and 4,075, which are related to white surfaces characteristics of Fritillariae cirrhosae and Fritillaria taipaiensis.
[image: Figure 2]FIGURE 2 | response values (A) electronic nose, (B) electronic tongue, (C) NIR spectra, (D) electronic eye.
3.3 Selection of NIR spectra
The full NIR spectra data for the 80 samples were selected by CARS. After 81 iterations, the Root Mean Square Error of Cross-Validation (RMSECV) of the PLS model was the smallest. Eight key wavelengths were eventually selected. The number of wavelengths decreased significantly from 2075 to 8. The eight key wavelengths of the NIR spectra were 4,188 cm-1, 5,102 cm-1, 5,970 cm-1, 6,900 cm-1, 9,754 cm-1, 10,884 cm-1, 11,254 cm-1, and 11,678 cm-1.
As shown in Figure 3A, there were two operation stages of CARS: fast selection (sampling times 0–30) and refined selection (sampling times 30–80). In the fast selection stage, the exponentially decreasing function filters out the wavenumbers with little or no information, thus effectively simplifying the spectral data (Li et al., 2009; Ma Hui et al., 2021).
[image: Figure 3]FIGURE 3 | The changing trend of the ratio of retained variables (A), 10-fold RMSECV values (B) and regression coefficients of each variable (C) with the increasing of sampling runs.
As shown in Figure 3B, the RMSECV remains unchanged in the rapid selection stage, while in the initial stage of refined selection it changes from the maximum to the minimum due to the removal of key variables during the iteration process. As shown in L1 and L2 of Figure 3, when the variables marked L1 were filtered and removed, the regression coefficient of one variable was also immediately reduced to 0 under this sampling number, indicating CARS removed variables that played a key role in the PLS model as part of the sampling operation, so that there was a sharp decline in model’s stability. This phenomenon can also be seen in L2. Therefore, the variables selected by CARS are called “key variables”.
3.4 Authenticity identification
3.4.1 Electronic nose
PLS-DA was used to establish a qualitative identification model to identify 60 batches of Fritillariae cirrhosae and 20 batches of Fritillaria taipaiensis based on data collected by electronic nose. Five latent variables, which explain 96.4% of the total variation in the X data among the samples, can be used to establish a PLS-DA model. As shown in Figure 4A, the two types of samples displayed obvious cluster characteristics, while sample S69 was significantly far from all other counterfeit samples. The electronic nose test was then repeated and its results showed a considerable difference in three-times sensory data for S69, this may have been the result of differences in the decoction due to its complex sources.
[image: Figure 4]FIGURE 4 | Scores Plot of Single-Source PLS-DA authenticity and counterfeit identification model based on (A) electronic nose, (B) electronic tongue, (C) electronic eye and (D) NIR spectra.
Near the separation line, under the first two latent variables, S24 and S43 were misclassified as authentic FC, this can be explained from the results of previous human experience of specialist identification and the pharmacopeia detection: in the identification and detection results of S24, four experts had identified it as counterfeit, one expert identified it as authentic, and three other experts failed to identify it. And the results of TLC and appearance test from the pharmacopeia both showed that S24 could not be identified.
In the identification and detection results of S43, three experts had identified it as authentic and five experts had failed to identify it. The pharmacopeia detection results showed that S43 was counterfeit. S21, S22 and S40 of FP were identified as counterfeits, so it was speculated that the misclassified samples were caused by differences in geographical sources. The accuracy of this model was 96.25%, and the sensitivity (Se), specificity (Sp) after cross-validation were 0.9825 and 0.8696. These parameters indicate that the electronic nose can identify both FC and FUS.
3.4.2 Electronic tongue
The first three latent variables were used to establish a better PLS-DA qualitative analysis model, which could explain 82.55% of the total variation in the samples. The distribution of counterfeit samples was relatively scattered, indicating that the counterfeits have larger internal differences in terms of intelligent taste information. As shown in Figure 4B, using the first two latent variables S24 was misclassified as again, and so were S79 and S80, while S1, S2, S4 and S45 were misclassified as counterfeits. In the specialist identification of S79, only three experts had identified it as FUS, suggesting it was a difficult sample to identify. S1, S2 and S4 were in line with regulations in the pharmacopeia of FC and the detection indexes of S80 were in accordance with the standards of FUS, while these samples were still mis-classified under the first two latent variables. We speculated that the internal material of the samples had changed because of variations in the environmental temperature and humidity during storage and transportation. The appearance detection of S45 from the pharmacopeia identification did not meet the requirements, and the TLC results were not obviously colored. We speculated that these differences caused its misclassification. The accuracy of the PLS-DA model established by the electronic tongue sensors was 91.25%, and Se and Sp after cross-validation were 0.9649 and 0.7826. These parameters indicate that the model performance needs to improve to be able to use electronic tongue sensors to identify FC and FUS.
3.4.3 Electronic eye
After leave-one-out cross-validation, the qualitative analysis model established by the first three latent variables had the best performance. The first three latent variables could explain 74.63% of the total sample variation. From Figure 4C, the cluster characteristics of authentic and counterfeit samples are not obvious. Samples S4, S45, S43 and S79 were misclassified as in the previous tests, indicating that the response value of these samples was significantly different from other samples. Although there were some mis-classified samples using the first two latent variables, when the number of latent variables in the model is three, the accuracy of the model reaches 97.50%, and the model parameters Se and Sp are 1,0.8696 and 0.9750. These parameters indicate that the electronic eye can identify the two types of samples.
3.4.4 NIR spectra
When the first six latent variables were selected for modeling, the model performance was the best. The first six latent variables can explain 99.80% of the total variation among the samples. From Figure 4D it can be seen that the cluster characteristics of counterfeit samples were not obvious. In addition to the samples that have been misclassified, S23, S25 and S61 were also misclassified under the first two latent variables.
Two experts had identified S23 as counterfeit, one expert had identified it as authentic and five experts had failed to identify it, while the results of the extract test from the pharmacopeia and appearance detection showed that S23 was unqualified. The pharmacopeia detection indexes of S25 and S61 were in line with the regulations respectively of FC and FUS. The overall classification results of the model were determined by the six latent variables. The accuracy of this model was 97.50%. Se and Sp were 1 and 0.8696. These parameters indicate that the full spectra, combined with the PLS-DA algorithm, can accurately identify the samples.
3.4.5 Variable selection of authenticity identification model
Original variables with VIP >1 in the four single-source PLS-DA models are shown in Table 1.
TABLE 1 | Original variables with VIP >1.
[image: Table 1]3.4.6 Three-source data fusion
The original variables (sensors) with VIP >1 in each single-source intelligent sensory data model were fused to explore and analyze the discriminant ability of the fused data in identifying the samples. When the first four latent variables were selected for modeling, the model performance was the best: the first four latent variables explain 80.84% of the total variation among the samples. As in Figure 5A, the cluster characteristics of two types are more obvious than those in single-source data analysis, and only S4 was misclassified as FUS on the first two latent variables. The rate of correct results of the model after three-source fusion was 97.50%. Although the accuracy is the same as using the electronic eye sensor or NIR alone, the accuracy is greater than using the electronic tongue or the electronic nose alone. The classification results on the first two latent variables were also better than that when using single-source electronic sensory data alone. The model parameters, Se and Sp, were 1 and 0.9130.
[image: Figure 5]FIGURE 5 | Scores Plot of PLS-DA authenticity and counterfeit identification model based on three-source fusion (A) (EN + ET + EE) and four-source fusion (B) (EN + ET + EE + NIR).
These results show that data fusion can obtain multi-dimensional information of samples, and the fusion of original variables will contribute to sample classification.
3.4.7 Four-source data fusion
The sample information obtained by the fusion data is richer, and the model’s classification performance is improved. We therefore explored the result of the fusion of NIR feature spectra and data from three electronic sensors. After leave-one-out cross-validation, the model established by the first four latent variables had the best performance. These four latent variables explained 77.08% of the variation among samples. In Figure 5B it can be seen that the classification situation after four-source data fusion is similar to that after three-source data fusion. Although S4 and S43 were misclassified under the first two latent variables, the model performance was determined by the first four latent variables and the accuracy of the model constructed with the first four latent variables was 98.75%, which is higher than when using any single source. The model parameters Se and Sp were 1 and 0.913. The PLS-DA model constructed with four-source data fusion has therefore the best performance and achieved the best classification.
ROC curves (Figure 6) showed that PLS-DA authenticity and counterfeit identification models based on NIR and three-source data fusion and four-source data fusion have better performance and the AUC of the three models is 1 while the classification performance of PLS-DA model based on electronic tongue (AUC:0.9573) is not very well in comparison with the other five models.
[image: Figure 6]FIGURE 6 | ROC curves of single-source PLS-DA authenticity and counterfeit identification model based on electronic nose (A), electronic tongue (B), electronic eye (C) and NIR spectra (D) and three-source fusion (E) (EN + ET + EE) and four-source fusion (F) (EN + ET + EE + NIR).
3.5 Species identification
3.5.1 Electronic nose
The accuracy of the PCA-DA model based on electronic nose data was 85%, and there were no unclassified samples. The model parameters Se, Sp and Pre were respectively 0.85, 0.98 and 0.94. The classification results showed that 3 FU were misclassified as FD, 3 FP were misclassified as FD, 1 FP was misclassified as FUS, 1 FD was misclassified as FP, 1 FUS was misclassified as FU, 2 FUS were misclassified as FP and 1 FUS was misclassified as FD. There was no obvious difference between different FC and FUS samples based on electronic nose data, resulting in a number of misclassified samples (Figure 7A). As shown in the scores plot, on the variation information represented by the first two principal components, FU and FD samples could be distinguished easily and the clusters of FU, FP and FD samples were clear, while counterfeit samples had a wide range of differences and appeared scattered.
[image: Figure 7]FIGURE 7 | Scores Plot of Single-Source PCA-DA species identification model based on (A) electronic nose, (B) electronic tongue, (C) electronic eye and (D) NIR spectra.
3.5.2 Electronic tongue
The correct rate of the PCA-DA model based on electronic tongue data was 71.25%, with no unclassified samples. The model parameters Se, Sp and Pre were respectively 0.65, 0.92 and 0.72. There were 7 FU samples misclassified, 6 FP, 5FD, and 5 FUS, indicating that electronic tongue data showed little differences between different FC and FUS samples. It can be also seen that the cluster distribution of the four types of samples was not obvious in the variation information represented by the first two principal components, and there were overlaps between the four types (Figure 7B). We conclude that the performance of the species identification model based on electronic tongue data is not good.
3.5.3 Electronic eye
The PCA-DA model based on electronic eye data could effectively distinguish the four species of samples, and the correct identification rate we observed was 97.5%. The model parameters Se, Sp, and Pre were respectively 1.00, 0.98, and 0.95. All FU and FP samples were correctly classified, and there was only one misclassified sample in FD and one in FUS. As shown in Figure 7C, the cluster of FP samples was the clearest, followed by the FD and FU samples. On the contrary, there were some scattered samples in FUS, indicating that the traits of these samples were significantly different from other samples.
3.5.4 NIR spectra
The PCA-DA model based on NIR spectra could also distinguish between the four types of samples. The correct identification rate was 97.5%, and parameters Se, Sp, and Pre were respectively 1.00, 0.98, and 0.95. FU, FP, and FD samples were all correctly classified. One FUS sample was misclassified as FU and another was misclassified as FD. The scores plot (Figure 7D) shows clearer clusters for FU and FP samples, while FD and FUS samples appear more dispersed in comparison.
3.5.5 Variable selection of the species identification model
The variables from single-source data were selected based on the Wilk’s lambda value of the model. We proceeded by gradually removing variables with larger Wilk’s lambda values and stopped the removal at the point at which removing a variable resulted in the correct identification rate decreasing. The variables remaining were selected. Table 2 shows the variables selected for each intelligent sensor.
TABLE 2 | Selected variables for electronic nose, electronic tongue and electronic eye.
[image: Table 2]3.5.6 Three-source data fusion
Fusing data obtained from electronic nose, electronic tongue and electronic eye, the correct identification rate of the model was 95%, higher than that of the models using either only electronic nose data or only electronic tongue data. The model parameters Se, Sp and Pre were respectively 0.95, 0.98, and 0.90. The principal component score plot (Figure 8A) shows the cluster of FP samples is more concentrated than other samples. FU, FD and FUS clusters could be better together except for several samples. S2 was misclassified as FD; S45 was misclassified as FP; S43 was misclassified as FP and S79 was misclassified as FU. These samples were also misclassified in the authenticity and counterfeit identification. All other samples were correctly identified. The positive identification rate of the model based on fusion data was lower than that of the model based on electronic eye data alone, which we hypothesized could be explained by the removal of key variables during the process of variable selection. This suggests that the increase in the number of variables in data fusion does not necessarily improve the performance of the model, while it is crucial to focus on the choice of the variables.
[image: Figure 8]FIGURE 8 | Scores Plot of PCA-DA species identification model based on three-source fusion (A) (EN + ET + EE) and four-source fusion (B) (EN + ET + EE + NIR).
3.5.7 Four-source data fusion
After fusing the data of electronic nose, electronic tongue, electronic eye and near infrared, the correct identification rate of the model was 97.50%, and the model parameters Se, Sp and Pre were 1.00, 1.00, and 0.95. The principal component scores plot (Figure 8B) was similar to the scores plot of the three-source fusion data model. S43 was misclassified as FP and S79 was misclassified as FU, suggesting that the fusion of NIR spectra features and intelligent senses didn’t significantly improve the model performance and it can only reach the same classification ability of electronic eye and NIR.
Comparing the model parameters of single-source data and multi-source data model (Table 3), we observed that the parameters of the model after data fusion were equal to or better than in the single-source data models. In the authenticity and counterfeit identification model, the positive identification rate in the four-source fusion model was higher than that of each single-source data model. While in the species identification model, the parameters of the fusion model were only better than the single-source models based on data from either electronic nose or electronic tongue, but equal to the single-source model constructed from electronic eye sensors and NIR spectra. We believe this may be due to the fact that the accuracy of the identification model based on these two instruments was already high.
TABLE 3 | Model parameters of single-source data and multi-source data (EN: electronic nose; ET: electronic tongue; EE: electronic eye) (the bold values means the parameters of optimal PCA-DA and PLS-DA models).
[image: Table 3]3.6 Explanation and analysis of the models
3.6.1 Explanation and analysis of the models based on VIP
We identified the optimal discriminant model as the model based on four-source data fusion, based on its accuracy. VIPs of each variable in this model are displayed in Figure 9. There were 20 variables with VIP >1, contributing to the classification of samples. Among these, the five sensors that played a key role in the classification based on electronic nose single-source data contributed greatly to the classification of authentic and counterfeit samples after data fusion. Among the eight NIR wavelengths selected by CARS, four of them had a greater contribution to sample classification after data fusion. There were 25 sensors that played an important role in the classification of electronic eye single-source data, while only 10 played a crucial role in authenticity and counterfeit classification after data fusion. Among the four sensors which contributed to the classification based on electronic tongue, only the “Astringency” sensor had VIP>1. We therefore concluded that the four instruments played different and complementary roles in the classification of sample authenticity and counterfeit.
[image: Figure 9]FIGURE 9 | VIP value of each variable in the four-source fusion PLS-DA model (cnv: color number value).
The sensor with highest response in the electronic tongue was B-bitterness2, but its contribution to sample classification was relatively small. Although the sensor Astringency had a small response, it contributed greatly to sample classification.
We performed a T-test on the response values of the Astringency sensor for authentic and counterfeit samples and found there was a significant difference between the two types of samples (p < 0.05).
Among the sensors of the electronic nose, W1S, W2S, W3C, W1C and W5C contributed the most to the classification of authentic and counterfeit samples. The response values of all other sensors except W1S were small. In addition, sensors with larger response values (W1W, W2W and W5S) showed little contribution to the classification of samples. The response values of authentic and counterfeit samples were significantly different (p < 0.05) on W1S, W2S, W3C, W1C and W5C sensors.
Among the ten color number values that played an important role in the classification based on electronic eye data, the response values of the samples were all small for all values except 4,095, 3,802 and 3,803. The response values of the two types of samples were significantly different (p < 0.05). We found that the sensors that contributed the most to the sample classification were not necessarily the sensors with the highest response values. Some components had a smaller response value on the sensors, but, as the content of these components was significantly different in authentic and counterfeit samples, they played a key role in classification of the samples. This kind of component can be defined as “intelligent sensory information with high identification contribution”.
The response substances of sensors with VIP >1 are shown in Table 4, which indicates that their response values had a great influence on the classification of authentic and counterfeit FC. The response substances of these sensors can be used as key index components to determine the authenticity of FC.
TABLE 4 | Response substances (information) of variables with VIP >1.
[image: Table 4]3.6.2 Explanation and analysis of the models based on Wilk’s lambda
The variables that contributed the most to the classification of samples were selected if Wilk’s lambda value <0.3. We selected a total of 17 variables. The selected variables are shown in Figure 10, and the information they represent are listed in Table 5, which shows the contribution to the discrimination of authentic FC samples is significant.
[image: Figure 10]FIGURE 10 | Wilk’s lambda value of original variables in the four-source data fusion PCA-DA model (cnv: color number value).
TABLE 5 | Variables selected based on Wilk’s lambda values and their response substances.
[image: Table 5]By selecting variables based on the Wilk’s lambda value, we identified 14 among the 43 original variables of electronic eye data that contributed greatly to the classification of fusion data. Except for color number values 4,076, 2,711, 3,256, 3,529 and 3,803, the response values of the remaining 9 color number values were small. Among the 9 original variables of electronic nose data, 3 variables (W1S, W2S and W1C) showed a large contribution to the classification results in the data fusion model. Yet the W1S sensor had the largest response value, showing once again that the sensors that contribute the most to sample classification are not necessarily the ones with a high response value.
None of the electronic tongue sensors had a significant contribution to the classification results in fusion data.
We performed a t-test on the original data collected by the sensors with large contributions. On color number values 2,712 and 3,257 of the electronic eye, the four types of samples were significantly different (p < 0.05), while on the remaining 12 color number values there was no significant difference.
In the original data of four types of samples, FT and FU showed no significant difference on W1S and W2S, and FU and FD showed no significant difference on W1C. Yet, the model identification results were not based on a single sensor, but on the comprehensive results from multiple sensors.
4 CONCLUSION
We established a functional and effective method to determine the authenticity and identify the species of Fritillariae cirrhosae samples based on electronic nose, electronic tongue, and electronic eye sensors, NIR spectra, and mid-level data fusion technology. We proved the established PLS-DA model can accurately identify authentic and counterfeit FC samples. The identification model with the best performance was the four-source data fusion model (based on the fusion of electronic nose, electronic tongue, electronic eye data and NIR spectra). The positive identification rate of the model was as high as 98.75%.
In addition, the established PCA-DA model could effectively discriminate between species related to FC. The species identification model with optimal performance was based on electronic eye or on NIR spectra data or on four-source data fusion and its positive discriminant rate was 97.50% in three cases. The model explanation and analysis showed that the information collected by W1S, W2S and W1C sensors in the electronic nose, the Astringency sensor in electronic tongue, color number values 3,530 and 4,091 in the electronic eye and eight NIR characteristic wavelengths selected by CARS were the key quality information for the model to distinguish between the authentic and counterfeit FC samples and identify their species. Being able to extract such information from FC samples makes it possible to achieve a rapid evaluation of the quality of FC decoctions. We believe this study provides reference methods for the rapid evaluation of the quality of FC, as well as for the evaluation and control of the quality of other herbal samples.
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Sulfur mustard (SM) is one kind of highly toxic chemical warfare agent and easy to spread, while existing detection methods cannot fulfill the requirement of rapid response, good portability, and cost competitiveness at the same time. In this work, the microwave atmospheric pressure plasma optical emission spectroscopy (MW-APP-OES) method, taking the advantage of non-thermal equilibrium, high reactivity, and high purity of MW plasma, is developed to detect three kinds of SM simulants, i.e., 2-chloroethyl ethyl sulfide, dipropyl disulfide, and ethanethiol. Characteristic OES from both atom lines (C I and Cl I) and radical bands (CS, CH, and C2) is identified, confirming MW-APP-OES can preserve more information about target agents without full atomization. Gas flow rate and MW power are optimized to achieve the best analytical results. Good linearity is obtained from the calibration curve for the CS band (linear coefficients R2 > 0.995) over a wide range of concentrations, and a limit of detection down to sub-ppm is achieved with response time on the order of second. With SM simulants as examples, the analytical results in this work indicate that MW-APP-OES is a promising method for real-time and in-site detection of chemical warfare agents.
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1 INTRODUCTION
Even though the Convention on the Banning of Chemical Weapons (CWC) came into effect in 1997 (The Chemical Weapons Convention CWC, 1997), there still exists the risk of chemical warfare agents (CWAs) due to terrorist attack or leakage. Sulfur mustard (SM) is one kind of highly toxic blister CWA, and the maximum safe concentration–time (Ct) of SM vapor is 5 mg/min/m3 with a latency of 0–6 h (McNutt et al., 2020). SM has been widely spread over the world in war and induced millions of casualties in history (Szinicz, 2005; Tang and Loke, 2012). With a simple structure, SM is also relatively easy to synthesize, threatening social security (Devi, 2016).
As the most probable dispersion route of SM is via aerosol or vapor (Young et al., 2020), it is desirable to explore a sensitive and on-line gas-phase detection method with rapid response, good portability, and cost competitiveness. Nevertheless, existing traditional methods, including flame photometric detector (FID), ion mobility spectrometry (IMS), and gas chromatography–mass spectrometry (GC–MS), cannot fulfil these requirements at the same time (Cordell et al., 2007; Harris et al., 2011; McKelvie and Thurbide, 2019). Recently, numerous innovative strategies have been investigated and developed, such as surface-enhanced Raman spectroscopy (Xu et al., 2021), fluorescent probe (Feng et al., 2021), quantum dot sensor (Alev et al., 2022), quartz crystal microbalance (Lee et al., 2019), and atmospheric pressure plasma optical emission spectroscopy (APP-OES) (Broekaert and Siemens, 2004; Karanassios, 2004; Niu et al., 2021).
Among these emerging methods, APP-OES is based on the dissociation of target agents and excitation of fragments under the reactive APP environment, and OES is collected during radiative transition (de-excitation) processes (Niu et al., 2021). Distinguished from the traditional inductively coupled plasma (ICP) OES method, where plasma is at a nearly thermal equilibrium condition and the target agents are fully atomized, APP can be generated with non-equilibrium, called non-thermal APP (Shao et al., 2018). This indicates that the mean energy or temperature of mobile electrons with a small inertia is much higher than that of the background gas (Zhu et al., 2008). Benefitting from these characteristics, the target agents could be partially dissociated by non-thermal APP under a relatively low gas temperature, reserving more structure information about agents. Therefore, OES from both characteristic elements and radicals can be efficiently excited by high-energy electrons (Huang et al., 2023). It is also found that the OES intensity ratio of different radicals can be used to distinguish agents with similar element components, which further extends the discriminating ability of APP-OES (Yuan et al., 2012).
Up to now, many types of APP sources have been developed and used for the trace analysis, including (but not limited to) dielectric barrier discharge (DBD) (Meyer et al., 2012; Jiang et al., 2016; Han et al., 2018), glow discharge (Meng and Duan, 2015; Zhu et al., 2018), electrolyte cathode discharge (Yuan et al., 2021), mini-point discharge (Li et al., 2018; Yang et al., 2021), and microwave (MW) discharge (Pohl et al., 2008; Yuan et al., 2016; Borowska et al., 2019; Jung et al., 2019; Williams et al., 2019; Müller et al., 2020; Akhdhar et al., 2021). Compared with other APP sources, MW discharge has a relatively high power density (i.e., a strong dissociation ability) and a large reaction region (i.e., a long residence time for agents), and a highly purified reaction environment, eliminating any contamination due to the metal electrode, could be obtained, showing a promising future for trace detection of WCAs. It should be noted that, even though most MW sources engage rare gases or nitrogen as the carrier gas, an MW plasma source-based ¼-wavelength resonator with only ambient air as the carrier gas has been developed (Yu et al., 2023).
In our previous work, the OES characteristic of different APP excitation sources has been compared (Yang et al., 2022), and the analytical performance of the microwave atmospheric pressure plasma optical emission spectroscopy (MW-APP-OES) method for WCA simulants containing phosphorus and chlorine has been investigated (Li et al., 2022). In this work, the MW-APP-OES method is extended to detect three kinds of SM simulants, 2-chloroethyl ethyl sulfide (2-CEES), dipropyl disulfide, and ethanethiol. Characteristic OES from the C atom, CS radical, and Cl atom is identified. Good linearity is obtained from the calibration curve (R2 > 0.995 for CS band), and a limit of detection (LOD) down to sub-ppm is achieved.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
SM simulants engaged in this work are 2-CEES (C4H9ClS, 97%, Macklin), dipropyl disulfide (C6H14S2, 99%, Innochem), and ethanethiol (C2H6S, 98%, Macklin). Original SM simulants are used in the experiment without any pre-treatment. High-purity argon (99.999%, Jinghui Gas, China) is used as the carrier gas for MW-APP.
2.2 MW-APP-OES system
Figure 1 shows an illustrative diagram of the MW-APP-OES system used in this work. An MW power source (WSPS-2450-200M, Wattsine, China) with a frequency of 2.45 GHz and a maximum power up to 200 W is used to generate MW-APP. A customized MW surfatron device is adapted to couple MW from the power source to plasma (Moisan and Nowakowska, 2018). Gas breakdown is induced at the slit of the surfatron, where MW electric field is locally intensified, and extended plasma is generated in a quartz tube with an inner diameter (ID) of 1.5 mm and an outer diameter (OD) of 3 mm. There are two tuning knobs in the MW surfatron, by rotating which the MW reflection from the plasma to power source can be reduced to below 5%.
[image: Figure 1]FIGURE 1 | An illustrative diagram of the experimental setup.
A flow controller (G300C-5000sccm-P-24, Gas Tool Instrument, China) is used to control the rate of the carrier gas (argon). The gas line is heated, and its temperature is regulated using a temperature controller (AI-208FGL0, Udian, China). The SM simulants are injected into the gas line using a micro syringe (10 μL, Agilent), which is driven by a high-accuracy syringe pump (Pump 11 Elite, Harvard).
OES from MW-APP at around the middle position of the plasma column is collected by a fiber and is transferred to a three-channel spectrometer (PG2000-PRO-3, Ideaoptics, China), which covers a wavelength range of 196.79–1,039.58 nm (channel 1: 196.79–420.58 nm, channel 2: 406.59–623.60 nm, and channel 3: 604.89–1,039.58 nm) and provides a spectral resolution of about 0.1–0.2 nm.
2.3 Analysis procedure
When performing the MW-APP-OES analysis, the gas line is heated to a stable temperature of 180°C, which guarantees the full vaporization of SM simulants (in liquid phase at room temperature). The injection rate of SM simulants (Fs) is controlled from 50–500 nL/min, via which their concentrations in the plasma environment are modulated. The flow rate of the carrier gas (FAr) can be varied from 0.5–3.5 L/min, and the MW power can be varied from 50–120 W. The accumulation time of the spectrometer is fixed at 500 ms for channel 1, 200 ms for channel 2, and 100 ms for channel 3 in all measurements of this work.
As the gas line is heated to a relatively high temperature (180°C) and the injection rate of the target agent is very low, the vapor pressure of the target agent in the gas flow is much lower than its saturated value under the given temperature, and it is safe to assume the target agent is fully vaporized before arriving at the MW-APP region. Therefore, the concentration of target agent Cs (mg/m3) can be obtained from the ratio of the injection rate to the flow rate of the carrier gas (Li et al., 2022),
[image: image]
and its volume concentration CsV (ppm) is given by the following formula:
[image: image]
Here, ρs and Ms are the density (g/cm3) and molar mass (g/mol) of the agent, respectively. Vm is the gas molar volume at STP (22.4 L).
3 RESULTS AND DISCUSSION
3.1 Characteristic OES of SM simulants
Figure 2 shows MW-APP-OES for the blank and 2-CEES with an injection rate of 150 nL/min.
[image: Figure 2]FIGURE 2 | MW-APP-OES within different wavelength ranges for the blank and 2-CEES with an injection rate of 150 nL/min.
By comparing these two groups of OES and looking into database (Gaydon and Pearse, 1963; NIST, 2022), it can be identified that the emerging OES after 2-CEES injection includes the C I line at 247.8 nm, CS band around 257.6 nm, CH C→X around 314 nm, C2 c→b band around 385 and 360 nm, and C2 A→X band around 516, 474, and 564 nm. These lines/bands can be clearly distinguished from the background. Furthermore, the Cl I line at 894.8 nm can also be identified, which is on the wind of argon lines, while most of other Cl I lines are overlapped with argon lines.
Based on the aforementioned observations, it can be analyzed that 2-CEES is partially dissociated in MW-APP, generating both atoms (C and Cl) and radials (CS, CH, and C2). As OES from C, CH, and C2 can be frequently observed in regular hydrocarbons (Meng and Duan, 2015), OES from CS and Cl should be particularly concerned when detecting 2-CEES. It should be noted that the CS band can also be frequently observed when detecting volatile organic sulfur compounds using OES excited by gas discharge (Li et al., 2018). Therefore, the Cl I line can be further involved to identify the agent. The characteristic OES from dipropyl disulfide and ethanethiol is similar to that of 2-CEES, except for the absence of Cl I, which will not be repeated here.
It is worth noting that the real samples containing target analytes can be mixed with interfering compounds at different concentrations producing similar or the same OES in the MW-APP. In this case, the target analyte cannot be identified and quantitatively analyzed solo by characteristic OES. To solve this challenge, coupling with a small gas chromatograph or ion mobility spectrometer as a front-end separation technique is one efficient way for this method to be applied in practical detection scenarios, which can solve the OES interference currently faced and the carrier gas issues.
3.2 Optimization of MW-APP-OES analysis
In order to obtain the best analytical results in MW-APP-OES quantitative analysis, plasma parameters, including gas flow rate and MW power, should be optimized.
Figures 3A–C show the effect of the gas flow rate on the signal-to-noise ratio (SNR) of the characteristic OES from 2-CEES, dipropyl disulfide, and ethanethiol, respectively. It should be noted that the injection rate of SM simulants is adjusted proportionally to the gas flow rate to maintain a constant concentration in the MW-APP environment. It can be observed that there is a peak for the relationship between SNR of the characteristic OES of all three SM simulants and the gas flow rate at around 3 SLM, which is chosen in the quantitative analysis below. This phenomenon is explained as follows: when the gas flow rate is small, the MW heating is not well taken away by the gas flow (i.e., overheating), which introduces instability for the MW plasma. On the contrary, when the gas flow rate is large, the gas flow in the quartz tube turns from laminar to turbulent, the latter of which also results in instability (Arnoult et al., 2008).
[image: Figure 3]FIGURE 3 | Optimization of the MW-APP-OES condition. The effect of the gas flow rate on the signal-to-noise ratio of the characteristic OES from (A) 2-CEES, (B) dipropyl disulfide, and (C) ethanethiol. (D–F) Effect of power on SNR for corresponding SM simulants.
The effect of MW power on SNR is also explored for these three SM simulants (see Figures 3D–F). It can be seen that there is a peak for dipropyl disulfide and ethanethiol at around 80–90 W, which is not observed for 2-CEES. It should be noted that based on our previous investigation (Li et al., 2022), the OES intensity will increase almost linearly with MW power, while the signal-to-background ratio is nearly constant with MW power. In practice, one should balance the power consumption and OES intensity. In the quantitative analysis below, the MW power is set at 80 W.
3.3 Quantitative analysis and calibration curves
Figure 4 shows the temporal trace of MW-APP-OES of three SM simulations, and the corresponding calibration curves with the analytical results are shown in Table 1.
[image: Figure 4]FIGURE 4 | Temporal trace of MW-APP-OES of three SM simulations. (A) 2-CEES (Cs ∼ 17.3, 27.7, 41.6, 62.3, 86.6, 110.8, and 138.5 mg/m3), (B) dipropyl disulfide (Cs ∼ 25.8, 38.7, 58.0, 80.6, 103.1, and 128.9 mg/m3), and (C) ethanethiol (Cs ∼ 42.0, 50.3, 69.9, 89.5, 111.9, and 139.8 mg/m3). (D–F) Corresponding calibration curves.
TABLE 1 | Analytical results of SM simulants by the MW-APP-OES method in this work.
[image: Table 1]It can be seen that there is a clear square-wave feature on the temporal evolution of the OES intensity from characteristic line/band when the pulse injection of SM simulations is performed. The rising edge of OES intensity is as short as 1 s, indicating the rapid time response of the MW-APP-OES method in this work.
The intensity of CS 257.6 nm has a good linear relationship with the concentration of all three simulations from ∼20 to 140 mg/m3 (linear coefficients R2 > 0.995). However, the intensity of C I 247.8 nm and Cl I 894.8 nm deviates from linearity when the concentration of 2-CEES is larger than ∼80 mg/m3. A similar phenomenon is also observed for dipropyl disulfide but does not exist for ethanethiol. The non-linearity at high concentrations is related to the partial dissociation and excitation processes of SM simulations in the MW-APP environment, and OES from radial bands shows better linearity compared with atom lines.
In order to quantify the analytical performance of the MW-APP-OES method, the LODs for three SM simulations are estimated by Shi et al. (2014)
[image: image]
Here, σB is the standard deviation of characteristic OES intensity from 200 replicated blank cases, and k is the slope of the calibration curve. When the CS 257.6 nm band is used as the characteristic OES, the LODs of three SM simulations can reach a level as low as ∼ 1–2 mg/m3 (sub-ppm level).
In principle, the system developed in this work is tested using vapor of SM simulants. SM simulants are injected into the plasma environment with the carrier gas (argon) via the heated gas line for vaporization, and the characteristic OES is identified and analyzed. At the current stage, this system does not include a sampling scheme for gases (such as air) as the analyte.
Under actual testing conditions, the analytes are typically aerosols or vapors in the air. It would be necessary to develop an injection method to achieve carrier gas replacement, which can be achieved by collecting air samples with a given gas flow rate, adsorbing with active carbon, and desorbing the analytes using certain solvents and carrier gas, as has been performed by Jiang et al. (2016).
When carrier gas replacement is involved, the true LOD will be strongly influenced by the efficiency of adsorption and desorption processes and their time duration, i.e., how much analyte is gathered and released. As the current system only needs an analyte amount of several nL, based on the rise time of OES trace (i.e., response time) and injection rate, it may be safe to argue that when actual analytes in air are considered, an LOD similar to that using argon carrier gas (∼ppm) can still be obtained, and the LOD can further be extended with a longer adsorption time, sacrificing the response time.
The relative standard deviation (RSD) of the characteristic OES from three SM simulations is generally below ∼5%, obtained from the temporal trace of OES intensity during sample injection. Repeated experiments are also performed, and the reproducibility of the characteristic OES intensity from three SM simulations is generally better (∼10%) for concentrations larger than 50 mg/m3.
The recovery of the MW-APP-OES method is evaluated to confirm its accuracy. As there is no standard sample with known concentration for SM simulations, a recovery experiment is also performed using the original sample of SM simulants, and the concentration is controlled with the injection rate. A concentration of ∼50 mg/m3 is selected as the baseline, and more samples are added into the MW-APP environment. The CS 257.6 nm band is used as the characteristic OES, and the results are shown in Table 2. It can be seen that recoveries of this method for three SM simulations at different concentration levels are within the range of 80%–110%, indicating the utility of the current MW-APP-OES method.
TABLE 2 | Recoveries of three SM simulants.
[image: Table 2]Table 3 shows a comparison of the LOD and response time of different detection methods for 2-CEES. It can be seen that compared with the surface-enhanced Raman spectroscopy and fluorescent probe methods, which have a lower LOD, the MW-APP-OES method in this work has a much faster response time. Furthermore, expensive light sources in the former two methods are avoided in MW-APP-OES. Compared with the quartz crystal microbalance and quantum dot sensor methods, MW-APP-OES shows advantages in both LOD and response time.
TABLE 3 | Comparison of the LOD and response time of different methods.
[image: Table 3]Table 3 also gives a comparison of the analytical performances of other APPs with the presenting method. As the target analyte, phase of the analyte (gas or liquid), and carrier gas in each APP are different, it is safe not to judge their performances simply. Compatibility with different carrier gases should be a key point in further investigations.
4 CONCLUSION
SM is one kind of highly toxic CWA and is easy to spread, threatening social security. However, existing traditional detection methods (FID, IMS, and GC-MC) cannot fulfil the requirement of rapid response, good portability, and cost competitiveness at the same time. In this work, the MW-APP-OES method is developed to detect three kinds of SM simulants, 2-CEES, dipropyl disulfide, and ethanethiol, taking the advantage of non-thermal equilibrium, high reactivity, and high purity of MW plasma. Characteristic OES from both atom lines (C I and Cl I) and radical bands (CS, CH, and C2) is identified, confirming MW-APP-OES can preserve more information about target agents without full atomization. The gas flow rate and MW power are optimized to achieve the best detection results. Good linearity is obtained from the calibration curve for the CS band (R2 > 0.995) over a wide range of concentrations of SM simulations. A LOD down to sub-ppm is achieved with a response time on the order of second, showing competitiveness compared with other innovative detection methods to some extent. With SM simulants as examples, the analytical results in this work indicate that MW-APP-OES is a promising method for real-time and in-site detection of CWAs.
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Collection of finger sweat is explored here as a rapid and convenient way of monitoring patient adherence to antipsychotic drugs. Finger sweat samples (n = 426) collected from patients receiving treatment with clozapine, quetiapine and olanzapine were analysed by liquid chromatography mass spectrometry, including a subgroup of patients with paired plasma samples. Finger sweat samples were also analysed from a negative control group and patients who had handled antipsychotic medication only. The finger sweat test (based on the detection of parent drug in one donated sample) was 100% effective in monitoring adherence within commonly prescribed dosing ranges. In comparison to participants who handled the medication only, the test could distinguish between contact and administration through monitoring of the drug metabolite, or the level of parent drug. Additionally, in a subgroup of patients prescribed clozapine, a statistically significant correlation was observed between the mass of parent drug in finger sweat and plasma concentration. The finger sweat technology shows promise as a dignified, noninvasive method to monitor treatment adherence in patients taking antipsychotics.
Keywords: finger sweat, noninvasive, antipsychotic, adherence, liquid chromatography mass spectrometry
1 INTRODUCTION
One of the greatest challenges in the treatment of psychotic disorders is nonadherence to antipsychotic medication, where approximately half of patients do not adhere to their prescribed regime (García et al., 2016). Poor compliance is consistently associated with a high rate of relapse and unfortunate patient outcomes, including increased risk of rehospitalization and suicide (Higashi et al., 2013). Such consequences extend beyond patient welfare, where greater use of emergency services, longer hospital stays and societal effects from violent or criminal behavior incur increased costs to society and healthcare systems.
Atypical antipsychotics such as clozapine (CLZ), quetiapine (QTP) and olanzapine (OLZ) are commonly prescribed for the treatment of schizophrenia and other psychotic and affective disorders. Reportedly more effective than their predecessors, particularly in respect to the negative or depressive symptoms of psychosis, these second-generation medications are less likely to produce extrapyramidal side effects (Gründer et al., 2009). Whilst better tolerated, several adverse effects, most notably metabolic disruption (Pillinger et al., 2020) are associated with these medications, especially at higher dosages (Haddad and Sharma, 2012). Despite the associated risks, antipsychotic medications are considered the primary tool for the alleviation and management of psychotic symptoms.
Various objective (observed administration, electronic pill dispensers and drug measurements) and subjective (self-reporting, clinicians’ opinion) methods have been used to monitor antipsychotic adherence (Velligan et al., 2006; Haddad et al., 2014). Objective methods are considered to provide more accurate measurements than subjective methods. Measurement of antipsychotic drugs and metabolites in biofluids can inform dose adjustment and reduce the risk of adverse effects or toxicity (Skogh et al., 2002; Qi and Liu, 2021), as well as provide information relating to adherence. Traditionally such measurements are performed using serum or plasma (Aravagiri and Marder, 2001; Zhou et al., 2004; Cao et al., 2020; Qi and Liu, 2021). However, analytical methods have been developed for the evaluation of antipsychotics in hair (Weinmann et al., 2002; Günther et al., 2018; 2020), oral (Fisher et al., 2013), and cerebrospinal fluid (Josefsson et al., 2010).
Fingerprints, or finger sweat, offer a noninvasive alternative for drug monitoring. Sample collection is quick, convenient and does not require any specialist materials or training. Storage and transportation of sweat samples is much simpler than more traditional matrices as the samples are not biohazardous. The detection of drugs and their metabolites in fingerprint sweat has been reported previously for both illicit (Jacob et al., 2008; Bailey et al., 2015; Costa et al., 2017; Hudson et al., 2018; Ismail et al., 2018; Czerwinska et al., 2020; Jang et al., 2020) and therapeutic drugs (Goucher et al., 2009; Costa et al., 2021; Ismail et al., 2022). Finger sweat from unwashed hands comprises eccrine sweat, as well as substances handled by a participant. In contrast, finger sweat samples provided after handwashing are understood to be more reflective of eccrine sweat (Jang et al., 2020).
Our previous work (Costa et al., 2021) has shown that QTP was detected in the fingerprints of two patients, but to our knowledge, the presence of other antipsychotic drugs in finger sweat, and the significance of detecting them, has never been reported. Here we seek to explore the prevalence of antipsychotic medication in finger sweat and assess the significance of a ‘Positive’ result for the first time.
In this work, we describe a method for the determination of CLZ, QTP and OLZ in finger sweat by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). We assess the ability of the method to detect the parent drug and metabolite in finger sweat with respect to administered dose. To test whether a patient can falsify the test, we compare these results to participants who have handled the drug only, along with a negative control group. Finally, to assess the quantitative potential of the finger sweat test, we explore the relationship between CLZ and its metabolite, N-desmethylclozapine (NDMC) in finger sweat and paired plasma samples.
2 METHODS
2.1 Sample collection
Favorable ethical opinion was obtained from the National Research Ethics Service (NRES-REC reference 18/NE/0071) for the collection of finger sweat and plasma samples from patients at Surrey and Borders Partnership NHS Trust and Sussex Partnership NHS Foundation Trust. Prior to sampling, all patients provided written informed consent for collection and subsequent analysis for drug level determination. Informed consent for study participation included provision for the collection of basic metadata parameters (including treatment regime and time of last dose–see Supplementary Table S1) alongside biological sampling.
The study primarily focused on collection of finger sweat samples from patients receiving treatment with either CLZ (n = 33 patients; 198 samples), QTP (n = 7 patients; 42 samples) or OLZ (n = 20 patients; 120 samples). An additional sub study was performed where patients (n = 11) receiving CLZ also provided paired (time-matched) plasma for comparison to finger sweat. For patients receiving CLZ and QTP, oral administration was prescribed in the range 25—550 and 100—500 mg/day, respectively. For OLZ, the prescribed treatment regime was a combination of oral administration in the range 2.5—20 mg/day and monthly injection in the range 300—420 mg. Information relating to dose and time of last administration included within this study was self-reported by patients. We have therefore assumed truthful reporting and adherence to prescribed medication.
Additional finger sweat samples were collected from a drug naive negative control group (n = 30) as well as participants whose only association with an assigned antipsychotic drug was through touch. To mimic events which may lead to a false positive result, either accidental or intentional, these “contact only” participants (n = 6) were asked to handle antipsychotic medication. The participants were asked to handle whole tablets with their right hand and to touch crushed tablets with the left hand before donating samples from both hands.
2.1.1 Finger sweat collection
Finger sweat collection devices were prepared by mounting a paper substrate (Whatman 1-Chr-grade) atop a glass microscopy slide.
Finger sweat samples were collected from patients receiving antipsychotic medication before and after a hand washing procedure, hereby described as “as presented” and “after washing” respectively. Unless otherwise specified, finger sweat samples were collected from the index, middle and ring fingers of the right hand. After hand washing with soap and tap water to remove external contamination, patients were required to wear nitrile gloves for a period of 10 min to induce sweating before collection of after washing samples (Figure 1).
[image: Figure 1]FIGURE 1 | Sample collection procedure. Finger sweat samples collected (1) “as presented” and (2) “after washing”. Created using Biorender.com.
Finger sweat samples from a drug naive control group (n = 30) were collected from the right index finger only. Collection of samples within drug contact study were collected from both hands after handling of medication. To avoid contact between the two hands, the fingertips were washed separately by a gloved third party.
All samples were collected onto the porous paper substrate using controlled deposition time and pressure, 30 s at a pressure of 800–1,200 g (measured using a generic kitchen scale). Samples were transported at ambient temperature in microscope storage boxes before transfer to—80°C for long-term storage until analysis.
2.1.2 Plasma sample collection
Paired plasma samples were also collected from subgroup of patients (n = 11) receiving treatment with CLZ. Venous blood samples were collected into 3 mL heparinized vials. All samples were centrifuged at 4°C for 10 min (1725 ×g) and the resultant plasma was stored at—80 °C until analysis.
2.2 Chemicals and reagents
Certified reference materials of antipsychotic drugs (CLZ, QTP, OLZ) their respective metabolites (NDMC, norquetiapine (NQTP), N-desmethylolanzapine (DMO)) and deuterated internal standards (IS) (CLZ-d4, QTP-d8, OLZ-d8) were obtained from Sigma Aldrich. Optima™ LC/MS grade acetonitrile (ACN), formic acid (FA), methanol and water were obtained from Fisher Scientific.
2.3 Standard curve samples
2.3.1 Finger sweat methodology
A typical standard curve consisted of six standard levels prepared in water and spiked in fixed volume (10 µL) onto chromatography paper (Whatman 1-Chr-grade, 2 × 2 cm) as well as blank papers. Each level was freshly prepared in triplicate before drying at ambient temperature for 1 hour prior to extraction from paper as described in section 2.4.1. Based on proof-of-concept data, standard curve and quality control (QC) samples were prepared using this procedure but at different concentrations depending on analyte. Standards ranged from 60—360 pg for CLZ/NDMC, 30—180 pg for QTP/NQTP and 100—600 pg for OLZ/DMO. Internal standards (IS) were 200 pg, 100 pg and 350 pg, respectively. For assessment of method performance, three QC levels were prepared on paper for each analyte, reflective of lower, middle and upper of the working range. These were 90, 200 and 330 pg for CLZ/NDMC; 40, 100 and 160 pg for QTP/NQTP; and 150, 350 and 550 pg for OLZ/DMO.
For patients with matched plasma samples, the working range was extended to 100—600 pg (IS = 350 pg) for CLZ and NDMC. Three QC levels (150, 350 and 550 pg) were selected to assess the performance of the extended range.
2.3.2 Plasma methodology
For measurement of CLZ and NDMC only, standard curve samples were prepared by spiking pooled plasma in the range of 25—1,500 ng/mL. Three QC levels (75, 500 and 1,200 ng/mL) were prepared in pooled plasma for verification of method performance. An IS solution (100 ng/mL CLZ-d4) was prepared in methanol.
2.4 Sample preparation
2.4.1 Finger sweat samples
Prior to extraction, samples prepared on paper (i.e., standard curve or QC samples) or collected onto paper (i.e., finger sweat from patients or drug naïve controls) were spiked with an IS solution (exact mass of IS described in Section 2.3.1) and allowed to dry at ambient temperature for 1 hour. Using sterile tweezers, the papers were transferred into 2 mL centrifuge tubes with 1.5 mL of methanol. The tubes were then centrifuged at 9,500 ×g for 2 min. The paper substrate was discarded using sterilized tweezers, and the resultant solvent extract was evaporated to dryness using nitrogen. Samples were reconstituted in 100 µL 50:50 mobile phase A (10 mM ammonium acetate adjusted to pH 4.6 using FA) and mobile phase B (ACN +0.1% FA (v/v)) for analysis.
2.4.2 Plasma samples
All standard, QC and patient plasma samples were prepared using an existing extraction procedure (Qi and Liu, 2021). 50 μL aliquots of plasma were defrosted and prepared by protein precipitation with ACN. To each sample, 150 µL of ACN and 20 µL of IS solution were added and vortexed for 5 min. The mixtures were subjected to refrigerated (4°C) centrifugation at 15,000 rpm for 8 min 40 μL of the resultant supernatant was removed and immersed in 200 µL of water, vortexed for a further minute and transferred into vials for analysis.
2.5 Instrumentation and sample analysis
Chromatographic separation was performed using a Thermo Scientific™ Ultimate 3,000 ultra-high-performance liquid chromatography (UHPLC) system equipped with a Kinetex XB-C18 column (100 × 2.1 mm, 5 μm, Phenomenex). The 3-min gradient separation was operated at 30°C with a flow rate of 0.25 mL/min. The starting mobile phase comprised 95% A and 5% B which linearly increased to 80% B at 2 min, held constant for 0.5 min, before returning to the initial composition.
The UHPLC system was coupled to a Thermo Scientific Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (MS). The MS was used to scan for all analytes using high resolution full scan (HRFS). MS/MS analysis was performed using data dependent acquisition mode (dd-MS2). The operating conditions of both the HRFS and dd-MS2 are defined in Supplementary Table S2.
Data acquisition and processing was completed using Thermo Scientific TraceFinder™ software (version 5.0). Statistical analysis was performed using IBM SPSS Statistics software (version 28.0).
2.6 Method performance
Method performance was evaluated using the Food and Drug Administration guidelines to determine selectivity, linearity, intra- and inter-day accuracy and precision, limit of detection (LOD) and lower limit of quantification (LLOQ), matrix effect and recovery (finger sweat only), carryover and stability (U.S. Department of Health and Human Services and Food and Drug Administration, 2018). Full details of method performance are provided within the Supplementary Material.
In brief, a linear response was obtained for all drugs and metabolites with R2 values of >0.973 when extracted from paper (Supplementary Table S3). Using the initially selected working ranges for qualitative assessment of antipsychotics in finger sweat only, the method was repeatable for analytes extracted on the same day (intra-day relative standard deviation (RSD) < 20%) (Supplementary Table S4). However, for OLZ/DMO, the method showed poor reproducibility when comparing QC samples extracted from paper on non-consecutive days. Therefore, clinical finger sweat samples were run in batches determined by drug type with standard curves extracted on each day of analysis.
Method performance experiments were repeated to assess the performance of the finger sweat method at the higher working range selected for the subset of patients with paired finger sweat and plasma samples. The intra- and inter-day accuracy and precision of CLZ/NDMC extracted from paper and in plasma was assessed using relative error (RE) and RSD. The three QC levels indicated acceptable accuracy and precision (RE and RSD <15%) for both biological matrices (Supplementary Tables S5, S6).
3 RESULTS
Chromatograms of drug and metabolite standards are displayed in Supplementary Figure S1. No significant interference with the antipsychotic drugs and metabolites were observed within the paper only blanks. Proof of concept through successful detection and confirmation by dd-MS2 was achieved for each of the parent drugs and their metabolites within human samples (see Supplementary Figure S2). All antipsychotics were below the LOD for samples collected from the negative control group (see Supplementary Figure S3).
3.1 Detection of antipsychotics in finger sweat
The detection rate of the parent drug and metabolite in all finger sweat samples versus per participant is summarized in Table 1. Samples and/or patients are classified as “positive” where the analyte is detected.
TABLE 1 | Detection of antipsychotic drugs and metabolites in finger sweat only participants, collected “as presented” and “after washing”, defined in all samples and per participant.
[image: Table 1]3.1.1 Clozapine
CLZ performed most reliably of the three antipsychotics. In patients prescribed 100 mg/day or higher, detection rate of the parent drug was 100% in samples collected both as presented and after washing. Across all participants, successful detection of CLZ correlated with daily dose, where only one sample was CLZ negative. This sample was collected after washing from participant AP-109, prescribed the lowest dose of 25 mg/day. These results indicate that the fingerprint test has sufficient sensitivity for medical application, for example, in the treatment of schizophrenia, where a low dose of clozapine is 150—300 mg/day (Subramanian et al., 2017). Using presence of parent drug in at least one finger after washing as indication of drug administration, the finger sweat test was 100% effective in monitoring CLZ adherence in all patients, including those prescribed below the typical dose range.
Presence of NDMC within patient samples was less prevalent and did not correlate with prescribed dose. Although not detected in any samples from AP-109, other patients also did not exhibit the metabolite in any samples after washing, namely, AP-127 and AP-118, prescribed 140 and 500 mg/day. It is possible that these results are related to quality of sample, as previous studies in finger sweat have shown that poor deposition of sample can generate false negative results (Ismail et al., 2022). Using presence of the metabolite in at least one finger as indication of adherence in patients prescribed 100 mg/day or higher, the test was 94% effective using samples as presented or 88% effective after washing.
3.1.2 Quetiapine
Both QTP and NQTP were detected in all samples collected as presented and after washing. Therefore, the test was 100% effective in monitoring QTP adherence. Although only a small number of patients were recruited, these results suggest the test is sufficiently sensitive to monitor typical doses prescribed in the treatment of bipolar disorder and schizophrenia which range 400—800 mg/day by oral administration (Muneer, 2015) compared to 100—500 mg/day prescribed to patients included in this study.
3.1.3 Olanzapine
OLZ and its metabolite performed most inconsistently of the three groups. Whilst OLZ was detected in 75% of samples after washing, DMO was rarely detected and only observed in as presented samples. This is likely due to the higher LOD (100 pg) and low doses of drug in comparison to others within this study. Inspection of the data per participant showed that 100% (n = 20) could be classified as ‘Positive’ based on detection of OLZ in at least one finger as presented or 80% after washing. Detection of OLZ was found to be more consistent in patients who were administered medication by monthly injection, with 100% detection of OLZ in all fingers both before and after washing.
3.2 Drug contact versus administration
To explore the possibility of using the test to monitor adherence to antipsychotic medication, we assessed the feasibility of using the test to distinguish between contact and ingestion of a given drug. It is possible that false positive results could arise from both innocent handling of a tablet, as well as a deliberate attempt to cheat the test. Therefore, finger sweat samples were collected from volunteers who were asked to handle whole tablets with their right hand to mimic administration and to rub the powder crushed tablets across the tips of the left fingers to simulate intentional doctoring of a result.
For CLZ and QTP, contact-only participants were distinguished from drug users by lower levels or lack of metabolite within their sweat samples. Through plotting the ratio of metabolite to parent drug, a visually and statistically significant (p < 0.001, 2-tailed Mann Whitney U-test) distinction between the two populations was observed both before and after hand washing (Figures 2, 3).
[image: Figure 2]FIGURE 2 | Ratio of metabolite/parent drug in finger sweat samples collected (A) “as presented” and (B) “after washing” for clozapine users prescribed ≥100 mg/day (n = 32 participants, labelled “drug user”) and volunteers (N = 2) which held antipsychotic tablet in right hand (labelled “tablet”) and rubbed crushed tablet in left hand (labelled “powder”).
[image: Figure 3]FIGURE 3 | Ratio of metabolite/parent drug in finger sweat samples collected (A) “as presented” and (B) “after washing” for quetiapine users (n = 7 participants, labelled “drug user”) and volunteers (N = 2) which held antipsychotic tablet in right hand (labelled “tablet”) and rubbed crushed tablet in left hand (labelled “powder”).
As DMO was rarely detected in either the drug user or the contact only samples, it was not possible to adopt the same approach as for CLZ and QTP. Comparison of the mass of parent drug showed a statistically significant (p < 0.001, 2-tailed Mann Whitney U-test) difference between the two populations for OLZ (see Supplementary Figure S4). This result was repeatable for CLZ and QTP also, suggesting that high levels of parent drug could indicate a false positive result originating from contact with medication.
3.3 Comparison of plasma and finger sweat
Paired plasma and finger sweat samples were collected from a subgroup of patients prescribed CLZ. Daily dose was matched to the previous analysis, ranging 25—550 mg/day. Given that many of the first batch of samples exhibited analyte levels above the calibration range, the linear range was extended to provide quantitative measurements of drug and metabolite in finger sweat.
Finger sweat was found to be 100% effective in monitoring adherence, where both CLZ and NDMC were detected in at least one finger either as presented and after washing. Only one participant (PS-005) provided any negative finger sweat samples. In this case, the parent drug was detected in two fingers as presented and a single finger after washing, whereas NDMC was detected in the index finger as presented only. This could be due to several factors: including the sub-therapeutic dose of CLZ (25 mg/day), the short duration of treatment (approximately 1 week) and poor deposition of sample. It should also be noted that this patient was difficult to bleed, suggestive of dehydration, resulting in insufficient whole blood for plasma separation. In such cases, where an indication of patient adherence is required but collection of blood has failed, finger sweat provides a simplistic opportunity to assess adherence in the absence of sufficient plasma for drug analysis.
A comparison of CLZ and NDMC in after washing samples versus concentration in plasma is displayed in Figure 4. The ratio of metabolite to parent drug in sweat was 0.42 ± 0.19 compared to 0.65 ± 0.22 in plasma. Visually, the mass of analyte in finger sweat was found to mirror the concentration in plasma. The correlation of average mass per finger versus plasma concentration yields a Pearson correlation coefficient (r) of 0.56 (p < 0.04, 1-tailed) and 0.45 (p < 0.09, 1-tailed) for CLZ and NDMC. Inspection of CLZ correlation per finger showed that the middle and ring finger correlated most strongly, with Pearson’s r values of 0.62 (p < 0.02, 1-tailed) and 0.75 (p < 0.01, 1-tailed) (Figure 5). This suggests that sampling of middle and ring fingers is preferable for best representation of plasma level.
[image: Figure 4]FIGURE 4 | Comparison of mass in finger sweat collected “after washing” versus plasma concentration for (A) clozapine and (B) N-desmethylclozapine.
[image: Figure 5]FIGURE 5 | Pearson correlation coefficient (r) and p-value (P) (1-tailed) for the mass of clozapine in finger sweat collected “after washing” from the middle and ring fingers and clozapine concentration in paired plasma samples.
4 DISCUSSION
Antipsychotic medication is considered to be the main course of treatment of psychotic disorders. Despite the extreme consequences associated with nonadherence and consequent relapse, patient adherence is often assessed by subjective means (Velligan et al., 2006). The introduction of a simple and dignified method of monitoring patients could improve patient experience and outcomes. Collection of finger sweat is quick, convenient and does not require any specialist training or equipment. Targeted analysis of finger sweat samples offers a more accurate alternative to subjective adherence monitoring methods without the invasive procedures required for blood collection. With further development, finger sweat based diagnostics has the potential to inform clinicians on dose efficacy and toxicity.
In this work, three common antipsychotic drugs (CLZ, QTP, OLZ) and their metabolites were successfully detected in finger sweat using LC-MS/MS. Our results demonstrate that a test based on the detection of the parent drug in at least 1 of 3 samples collected as presented was 100% effective in monitoring patient adherence. Using participants who had handled antipsychotic medication only, we were able to distinguish between contact and administration of a given drug where potential false positive results were characterized either by a lack of metabolite, or by exceedingly high levels of parent drug. Similarly, no interferences were found in the negative control group. A limitation of the finger sweat sampling method used within this study was additional time required for handwashing and collection of after washing samples. These results suggest that for qualitative assessment of adherence using finger sweat, the addition of the hand washing step is not necessary. This would simplify the test for use by a layperson, as well as further speed the collection process.
To our knowledge, this is also the first study describing the relationship of CLZ and its metabolite in finger sweat and plasma. Although inter-finger levels varied, the test was sufficiently sensitive to detect the typical dosing range of CLZ prescribed in the treatment of psychotic disorders such as schizophrenia. The middle and ring fingers were found to reflect the plasma concentrations most strongly, where a statistically significant correlation between CLZ plasma concentration and mass per finger after washing was observed. These data provide a foundation for further exploration of the relationship between the two biological matrices. Opportunities include the implementation of a standardization procedure, such as that described by (Goucher et al., 2009) whereby creatinine was used to smooth the elimination profile of lorazepam in ten overlayed fingerprints from the same donor or by (Ismail et al., 2022) who employed taurine to reduce the coefficient of variation of acetyl isoniazid (the main metabolite of a key anti-tuberculosis drug) between multiple fingerprint samples collected simultaneously from the same donor. Identification and implementation of similar small molecule metabolites within the antipsychotic finger sweat workflow could account for intra-donor variability and allow for more reliable quantitative measurements in future analyses.
In conclusion, a sensitive, convenient, and non-invasive method for monitoring adherence in antipsychotic patients has been developed. Analysis of human finger sweat samples from drug users has shown the method to be 100% effective at detecting commonly prescribed doses of antipsychotic medication, given the test criteria (detection of parent drug in 1 of 3 samples). Using these criteria, the test can distinguish drug administration from drug contact, and non-drug users. The finger sweat technology has broader opportunities in clinical environment, in quantitative monitoring antipsychotic medication or monitoring adherence to other treatment regimes.
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There is a growing interest for cost-effective and nondestructive analytical techniques in both research and application fields. The growing approach by near-infrared spectroscopy (NIRs) pushes to develop handheld devices devoted to be easily applied for in situ determinations. Consequently, portable NIR spectrometers actually result definitively recognized as powerful instruments, able to perform nondestructive, online, or in situ analyses, and useful tools characterized by increasingly smaller size, lower cost, higher robustness, easy-to-use by operator, portable and with ergonomic profile. Chemometrics play a fundamental role to obtain useful and meaningful results from NIR spectra. In this review, portable NIRs applications, published in the period 2019–2022, have been selected to indicate starting references. These publications have been chosen among the many examples of the most recent applications to demonstrate the potential of this analytical approach which, not having the need for extraction processes or any other pre-treatment of the sample under examination, can be considered the “true green analytical chemistry” which allows the analysis where the sample to be characterized is located. In the case of industrial processes or plant or animal samples, it is even possible to follow the variation or evolution of fundamental parameters over time. Publications of specific applications in this field continuously appear in the literature, often in unfamiliar journal or in dedicated special issues. This review aims to give starting references, sometimes not easy to be found.
Keywords: NIR, portable NIR, handheld NIR, near infrared spectroscopy, chemometrics
1 INTRODUCTION
In the past 20 years, the interest to the potential of near-infrared spectroscopy (NIRs) pushed the development of portable devices devoted to new applications, since several advantages make the technique a powerful analytical tool:
- The spectroscopic approach is a non-destructive characterization, which allows to have immediate analytical answers that can be correlated to other following characterizations on the same identical sample or its representative portion
- NIR spectroscopy coupled to chemometrics allows targeted or untargeted analysis since the multivariate statistical evaluation of the results allows to develop prediction models
- Results can be reported both as qualitative and quantitative output by means of simple plots that are easily readable even by non-experts in chemometrics or by numerical quantification of the single analyte
- The possibility to perform in-situ and online analysis favors industrial applications since spectroscopy can be easily automated and connected to an IoT (Internet of Things) system for direct management of process output
- Increasingly smaller size, lower cost, higher robustness, easy-to-use by operator, portable and with ergonomic profile make NIRs a useful tool for routine characterization.
Chemometrics play a fundamental role to obtain useful and meaningful results from NIR spectra, since prediction models allow to obtain qualitative and quantitative analytical results.
As a consequence, publications of specific applications in this field continuously appear in the literature, often in unfamiliar journal or in dedicated special issues. To have an idea of the scientific interest, inserting “NIR applications” in a search engine like Scopus or Web of Science, more than 13,000 results are listed limiting the search to the last 5 years.
Consequently, to help readers in the search for updated useful starting references, sometimes difficult to locate, in this review have been selected NIRs applications published in the period 2019–2022.
2 PORTABLE NIR SPECTROMETERS
Miniaturized and portable NIR spectrometers have enhanced the applications of near infrared technology, nowadays evermore frequently applied in on-site and in-field analyses. Originally used by military, handheld NIR was suddenly discovered by industry for on-site fast quality check. Law enforcement, environmental analyses and food quality control fully recognize the potential of portable spectrometers.
Fast and reliable classification and characterizations for safety or authenticity can be easily performed by trained users, not necessarily scientists (Sorak et al., 2012; Rodionova et al., 2016; Crocombe, 2018; Pomerantsev and Rodionova, 2021). The main goal when the miniaturization is carried out for an analytical instrument is to verify that performance is not affected. Portable NIR actually ensure comparable analytical results to laboratory benchtop devices, in both qualitative and quantitative aspects. Weight is a fundamental parameter for portable instruments: compared to 1 kg of Raman and MIR spectrometers, NIR handheld weight is about 100 g and the close future is the integration into cellular phones (Reinig et al., 2018).
NIR spectroscopy is mainly based on overtone bands and combination vibrations of C-H, O-H, N-H, C=O, and C=C bonds (Workman and Weyer, 2012; Siesler et al., 2016). Although the signal occurs about ten to one hundred times lower as intensity with respect to medium infrared, the chemometric prediction models make handheld NIR an useful qualitative and quantitative characterization approach in analyses.
Basically, a portable NIR device is very similar to a laboratory benchtop instrument. Miniaturization involves Micro-Electro-Mechanical or Micro-Opto-Electro-Mechanical optical systems. Two main detectors are usually found: array or single detector. Indium gallium arsenide (InGaAs) is the most used material for detectors because of the lower price.
The following main solutions are actually recognized:
(a) Linear-variable filter instruments (array detector).
(b) MEMS-based FT-NIR instruments (opto-electro-mechanical).
(c) Micro-mirror device (DMD™) (wavelength selector).
(d) Fabry-Perot tunable wavelength filter.
(e) NIR grating.
In Table 1 several examples are reported.
TABLE 1 | Examples of portable NIR spectrometers available in the market and their monochromator/detector principles.
[image: Table 1]Recent publications critically report detector differences (Bec et al., 2021), showing that the signal-to-noise ratio of modern instruments compensates narrower NIR wavelength range.
The sample measurement is highly simplified and makes very easy-to-use the portable NIR spectrometers: by direct contact (but also placing at short distance) it is possible to record characteristic spectra in diffuse reflection.
Figure 1 collects several different portable NIR solutions, commercially available. Simplified principles and parameters are briefly described.
[image: Figure 1]FIGURE 1 | Handheld NIR spectrometers with different monochromator/detector principles and their performance parameters: (A) linear variable filter instruments (trinamiX GmbH, Ludwigshafen, Germany; VIAVI Solutions Inc., Santa Rosa, CA, United States); (B) digital micro-mirror device (DMD™) spectrometers (Texas Instruments, Dallas, TX, United States; Innospectra Corp., Xinzhu, Taiwan, China); (C) Fabry Perot tunable filter instrument (Spectral Engines, Helsinki, Finland); (D) MEMS FT-NIR spectrometers (Si-Ware Systems, Cairo, Egypt; Hamamatsu Photonics, Hamamatsu city, Japan; Southnest Technology, Hefei, Anhui, China); (E) grating microspectrometers (Insion GmbH, Obersulm, Germany; OrO Photonics, Xinzhu, Taiwan, China) (F) NIR scanner with 16 solar cell detectors (Senorics GmbH, Dresden, Germany). Reproduced (CC-BY 4.0 license) from (Bec et al., 2021).
2.1 Instrument improvements
To improve the stability of handheld near infrared spectrometers, a reference correction was proposed by Wang et al. On the basis of the measurement method, it was designed a contrast sampling mechanism to obtain a reference beam from light source. This configuration ensured that reference beam and light source drift in the same trend. An innovative NIR spectrometer for reference correction was consequently developed. According to the experimental results, the stability of the newly designed spectrometer achieved substantial improvement (Wang et al., 2021).
Phosphor-converted light-emitting diodes (pc-LEDs) are employed in handheld spectrosmeters. A high-performance NIR pc-LED was proposed and results demonstrated that the energy transfer can be used for developing new NIR phosphors (Basore et al., 2021). He et al. proposed an innovative pc-LED device, able to scan in a 5-cm-thick chicken breast so to identify characteristic differences in the spectra. The results indicated that biological tissue penetration can be diagnostic (He et al., 2022). To identify affected chicken breasts, de Cavalho et al. proposed handheld NIR spectroscopy. From the experimental results it was shown that myopathies in meat is correlated to the age of slaughter and handheld NIR can be used as a specific tool (de Carvalho et al., 2020).
Soil texture characterization is usually carried on manually, being consequently time-consuming. Vis-NIR handheld spectroscopy is preferred as sensor to predict soil characteristics (Bene et al., 2020; Benedet et al., 2020; Pham et al., 2021; Andrade et al., 2022; Naimi et al., 2022; Peng et al., 2022; Shrestha et al., 2022; Teixeira et al., 2022; Vohland et al., 2022).
Goi et al. evaluated the possibility of a micro NIR instrument to predict quality parameters in beef. Moisture, fat and protein contents were monitored by a modified PLS analysis. Results proved that the portable instrumentation ensure good levels of prediction (Goi et al., 2022). Grass-fed and grain-fed beef were differentiated by Coombs et al. using NIR spectroscopy with the aim to aid retail and consumer confidence (Coombs et al., 2021).
Yu et al. (2022) prepared innovative OPDs with broad bandwidth, improved responsivity and frequency.
For decades, NIRs demonstrated its potential in industrial process monitoring and quality insurance. Ou et al. (2022). tested a portable NIR in the 850–1700 nm wavelength range. The results from his study demonstrated that the spectrometer, although limited in NIR spectral band detection, can be used in several different sensing applications. Paiva et al. (2022) described the application of diffuse reflectance to liquid and gas samples, enhancing that does not require adaptations. Biodiesel and vegetable oil in diesel blends were determined by comparing benchtop and portable FT-NIR spectrometers.
Bertinetto et al. (2022) investigated the influence of unexpert operator actions in the interpretation of spectra of pig feed.
Miniaturization made possible to develop handheld instruments, so lowering the price of point-of-use analysis. Baumann et al. developed a cheap, handheld DLP-Nano-NIRscan associated to a smartphone for the storage of data. A specific app was developed according to a software design standard. Baumann and coworkers demonstrated the usefulness for plant tissues to determine total nitrogen content (Baumann et al., 2020).
Wang and Liu published a review where they provided a brief summary for the factors that need to be considered in the design of broadband NIR phosphors. Authors expected this review to offer useful guidelines for the development of advanced NIR pc-LEDs (Wang and Liu, 2022).
As a consequence of handheld NIR development, dedicated apps become fundamental tools. Ren and Jia used samples of four drugs as validation objects to test the data classification model, that showed satisficing accuracy and the possibility to overcome internal storage limitations and operating speed (Ren and Jia, 2023).
(Zhou et al., 2022a) used a handheld NIR instrument for powdered sample characterization. The device showed high potentiality in powder analysis and comparative characterization.
Among easy-to-use and cheap analytical instruments, optical multisensor luminescence devices were proposed by Surkova et al. (2022) to determine fat content and adulteration in milk samples.
Applications in the Internet of Things (IoT) have been developed. Classic analytical methods, like mass spectrometry and chromatography, are not compatibles with IoT. NIR devices, having no moving parts, are ideal for IoT applications. Applications in industrial and agricultural field have been reported (Wang et al., 2021).
A critical review collected NIR applications, published between January 2019 and July 2020, focused on advantages of this handheld, cheap and robust analytical technique with non-destructive properties. These characteristics insure fast quality control on food products, raw materials, and ingredients (Bwambok et al., 2020). Applications in quality analysis and authentication of nutraceuticals using NIRs was also published in a review by Nagy et al. (Nagy et al., 2022). Reviewed innovation in handheld NIR and summarized and compared their characteristics (Zhu et al., 2022).
3 APPLICATIONS TO FOOD QUALITY CHARACTERIZATION AND ADULTERATIONS
Food quality (and consequently food fraud) is often related to profit: the higher is the quality, the higher can be the prize in the market. Frauds or adulterations can result in illicit but important money gain. However, sometimes food fraud can impact the health of customers and consumers. Fraud detection is a challenge to help consumers and to punish food fraudsters.
On the other hand, quality is often a complicated mix of factors not easy to specifically determine or to quantify. NIR spectroscopy creates a specific profile that is the sum of all the specific parameters and can be a fundamental analytical tool. The possibility of managing a “profile” instead of individual analytes allows the NIRs/chemometrics approach to provide an untargeted result that takes into account all the parameters that characterize the sample under examination and guarantees, in the case of food, to characterize a “profile” of quality as a reference even in case of fraud investigation.
Combining NIR spectroscopy and machine intelligence is a nondestructive tool for powdery food evaluation. Zhou et al. presented a handheld device (“NIR-spoon”) for simultaneous evaluation of multi-mixture powdery food. Each mixed powdered sample was analyzed by a “NIR-Spoon” and software was consequently dedicated to the “NIR-Spoon” that resulted in a good accuracy with the possibility of a mobile app (Zhou et al., 2022b). An OPLS-DA model, based on the data from the handheld NIR, showed 84.85% and 86.96% correct classification (Srinuttrakul et al., 2021).
The determination of green pea and peanut adulterations in pistachio by handheld FT-MIR and FT-NIR spectroscopy was proposed by Aykas and Menevseoglu. Pistachio adulteration derives from its high value. A fast FT-NIR methodology to check adulteration was proposed and provided advantages over FT-MIR, being more precise (Aykas and Menevseoglu, 2021). Cashew nut adulteration with Brazilian nut, pecan nut, macadamia nut and peanut was proposed, based on the development of a one-class SIMCA model (Rovira et al., 2023). Zhu et al. evaluated quality traits of oats to support breeding selection (Zhu et al., 2022).
Prediction of meat quality in fresh cut was reported by (An et al., 2022), while after treatment in the abattoir was reported by (Savoia et al., 2020; Savoia et al., 2021). Li et al. proposed a rapid and nondestructive simultaneous characterization of different types of sheep meat cut (Li et al., 2021).
Extra virgin olive oil is among the most known quality made in Italy product. Violino et al. (2022) evaluated the performance of a handheld VIS–NIR system to determine 203 oil samples quality. Ciaccheri et al. reported a bluetooth-connected pocket NIR spectrometer for the analysis of olive oils of different qualities (Ciaccheri et al., 2022) and a similar study was published by Santos and coworkers (Borghi et al., 2020; Santos et al., 2020; Santos et al., 2022).
Escuredo et al. (2021a). proposed a simple portable spectroscopic approach to predict the properties in honeys by multivariate data processing.
Maraphum et al. used a portable NIR spectrometer to determine starch and dry matter amount in fresh cassava tubers. Results suggested that the method can be useful when monitoring the quality of cassava tubers “in field” by breeders, with save of time and costs (Maraphum et al., 2020; Maraphum et al., 2022). In coriander oil can be found about the 70% of petroselinic acid, with anti-inflammatory and anti-aging properties. The authenticity of coriander oil and modifications by means of commercial oils was tested by handheld NIR and PLS regression models (Kaufmann et al., 2022). Edible oils are usually adulterated with sesame oil to save production costs. Portable FT-NIR, FT-MIR, and Raman spectrometers were proposed as rapid, simple, and non-invasive method to detect adulteration (Menevseoglu, 2021).
Truffles are well known and very expensive edible mushroom. Black truffles can be however found at lower prices. It is not easy to distinguish truffles without experience and often frauds occur. Kappacher et al. analyzed truffle samples of different species by 4 NIR devices: of these, 3 were miniaturized devices (Risoluti et al., 2020a). The resulting published paper compared the predicting performances of portable vs. benchtop NIR instruments, suggesting a fast, non-destructive and cheap tool (Kappacher et al., 2022).
The raspberry characterization is a procedure laborious and expensive, due to several chemical tests to use. By a NIRs approach, the prediction of raspberry quality was proposed by Gales and coworkers. Anthocyanins and solid soluble concentrations in whole fresh raspberries were easily predicted (Gales et al., 2021).
Sripaurya et al. (2021) designed and implemented a 6-digital-channel portable NIR instrument to determine the quality and the maturity of Gros Michel bananas. Portable NIR to in-field determine “Valencia” orange fruit maturity and avocado was reported by Ncama and coworkers (Ncama et al., 2020a; Ncama et al., 2020b). The evaluation of portable spectrometers performance to characterize table grape and peach quality attributes non-invasively, was proposed by (Donis-González et al., 2020), by (Rouxinol et al., 2022), by (Zhang et al., 2021), by (Ferrara et al., 2022) and by (Beltrame et al., 2021).
Almonds, easy to adulterate to have higher profits because of the lower production costs, were characterized by a developed method for identification of almond flour adulteration by comparing three different portable NIR instruments and SIMCA as classification method (Netto et al., 2023). Bitter almonds contamination in sweet almonds was determined by by the potential of portable NIR (Torres et al., 2021). Wang et al. realized a handheld Vis/NIR prototype to discriminate different origin apples (Wang et al., 2022).
Manuelian et al. evaluated cheese total nitrogen, soluble nitrogen, ripening index, major minerals, and fatty acids by a pocket-size NIR spectrometer. When comparing the accuracy with a benchtop instrument, however, no substantial difference in accuracy resulted. The NIR miniaturization can consequently be an opportunity in dairy industry (Manuelian et al., 2022). Bittante et al. published an invited review with focus on VIS and NIR spectroscopies to predict the cheese chemical composition (Bittante et al., 2022).
Omega-3 supplements are sold at elevated prices and their quality has to be assessed. Hespanhol et al. evaluated the performance of a cheap NIR assisted by a chemometric model to determine the concentration of omega-3 in supplements. This simple, fast and inexpensive approach determined the quality of the supplements and to identify frauds or non-conformities of the market (Hespanhol et al., 2020).
Durum wheat semolina is the raw material for pasta production and, when cooking, are fundamental the protein content to obtain the gluten strength. Cecchini et al. compared two technologies (both non-destructive and rapid), i.e. a low-cost sensor and a handheld NIR spectrometer, to determine semolina quality. Experimental evidence enhanced the possibilities of a small and low cost sensor, easy to use in contact with the sample more than by a laboratory instruments (Cecchini et al., 2021).
Intrinsic and extrinsic properties of rice were studied to give the consumer a rice quality identification. Spectra were collected by a handheld NIR to develop a predictive model (Rizwana and Hazarika, 2020). Jiang and coworkers reported a fatty acid surveillance during the storage of the rice by a handheld near infrared system (Jiang et al., 2020).
Insects are well known as possible human food. Riu and coworkers studied the possibility to classify insect powder by handheld NIR spectrometer. Experimental evidences confirmed this instrumental approach to be a trusted tool of analysis, able to predict macronutrients (Riu et al., 2022).
The moisture content deeply influences the dehydration process to prevent microbial growth and to preserve nutrients and quality of fruits and vegetables. The results of a study proposed by Malvandi showed how a handheld NIR is able to monitor the moisture content (Malvandi et al., 2022a). Pesticide residues determination was presented by Ngo et al. on leafy vegetables using a handheld VIS/NIR instrument. Vegetable samples, like lettuce, oriental mustard, and bok choy, were analyzed. Results showed that pesticide residues on leafy vegetables can be easily detected (Ngo et al., 2022). Recently, handheld and smartphone-based NIR devices have been widely used in agri-food industries as food-scanners, based on their predictive potential and compared with destructive approaches (Goisser et al., 2021). Integrated soluble solid and nitrate content assessment of spinach plants using portable NIRS sensors along the supply chain was also reported by (Torres et al., 2020)
Mishra and Woltering used an innovative approach that was tested to predict moisture and total soluble solids in pear and kiwi fruit (Mishra et al., 2021; Mishra and Woltering, 2021).
Anyidoho et al. (2022). used NIR/Chemometrics for rapid determination of fermentation duration, fermentation index and moisture content of cocoa beans.
The watermelons maturity was determined by two handheld new generation NIR spectrometers were compared in determining soluble solid content, a parameter that proves full watermelon maturity. The results obtained by different pre-processing methods showed the possibility to predict watermelon maturity (Vega-Castellote et al., 2022). Qi et al. discriminated the different varieties of red Jujube (Risoluti et al., 2019a; Qi et al., 2022).
Lycopene ia a red colored carotenoid in tomatoes that shows health benefits in scavenging free radicals. Instead of traditional in laboratory extraction process followed by HPLC analysis, Goisser et al. compared Vis/NIR spectra obtained by three portable Vis/NIR instruments defined food-scanners (Goisser et al., 2020a; Goisser et al., 2020b). The commercialization of fresh tomatoes is based on the soluble solid content as quality parameter. A handheld Vis-NIR spectrometer in interactance geometry discriminated low from high values soluble contents (Brito et al., 2021). Food waste has to be reduced as much as possible. Emsley et al. assessed the NIR potentiality to prove tomato stability during storage. Resulting informations indicated the possibility to predict tomatoes time-after-harvest (Emsley et al., 2022). Arruda de Brito et al. also proposed the possibility to determine important parameters (color, dry matter, etc) by NIR spectroscopy (Arruda de Brito et al., 2022). Handheld NIR for in-field fresh tomato quality control analysis was reported by (Borba et al., 2021) and by (de Oliveira Aguiar et al., 2022).
Gatti and coworkers investigated by handheld NIR milk chocolate, white chocolate and other different percent cocoa chocolates subjected to high temperatures. Good sensibility, specificity, and accuracy values were determined to establish thermal treatments (Gatti et al., 2021).
To assess fishery products authenticity it is fundamental an instrumentation able to give rapid, eco-friendly, cost-effective and easy answer. Varrà et al. verified the possibility to determine the geographic origin of two octopus species by a handeld-ultra-compact NIR. The results suggested the possibility to in-site or on-line monitoring fishery products (Moon et al., 2020; Varrà et al., 2022). Non-destructive characterization of salmon and tuna freshness was proposed by (Cui and Cui, 2021). Fish identification is not easy neither for consumers nor for inspectors, especially when prepared as fillets. To develop fast detectors, Cavallini et al. distinguished very similar fish species by comparing handheld SCiO (Consumer Physics), MicroNIR (VIAVI) with benchtop MPA (Bruker). (Risoluti et al., 2015; Pennisi et al., 2021; Cavallini et al., 2022). Handheld NIR spectroscopy was proposed as discrimination tool between wild and farmed sea bass by (Esposito et al., 2022). Yakes et al. (2021) reported the analysis of two fish species and compared the performance of handheld NIR devices. Currò et al. (2021) proposed handheld NIR instrument as a fast and green method to check the origin of cuttlefish. Yu et al. (2020) assessed by rapid and nondestructive application of handeld NIRs the freshness of tilapia fillets.
By means of a calibrated image analysis, (Tugnolo et al., 2021) and by (Grassi et al., 2021) evaluated the maturation of olives. Comparative analysis was reported by optical fiber probe/benchtop NIR device. Considering the vis/NIR model good performance, an algorithm was applied.
Butteroil has sensory characteristics, economic importance, and because of the high value it can be replaed by other cheaper fats. The potential of handheld NIR spectroscopy to detect butteroil adulterations was suggested to help producers and inspectors in the supply chain (da Silva Medeiros et al., 2023).
Pepper spice adulteration is a growing problem. Evidences from analyses by a handheld NIR demonstrated that adulteration of white pepper can be easily identified (Chen et al., 2022). Oliveira and coworkers proposed PLS-DA and PLSR models (based on handheld NIR spectra) as adulteration identifiers of Paprika powder (Oliveira et al., 2020).
Ouyang and coworkers proved the possibility to predict by handheld NIR spectroscopy the total nitrogen content in pork meat (Kucha and Ngadi, 2020) or frozen pork meat (Ouyang et al., 2020). Portable NIR and machine learning was proposed by (van Kollenburg et al., 2020) and by Parastar and coworkers (Parastar et al., 2020) to determine the authenticity of chicken fillet. Beef, pork, and chicken quantification in ground meat was reported by (Silva et al., 2020).
Milk quality can be evaluated by the content of fats, proteins, lactose and total solids. Adulteration of goat milk by cow milk was proposed by (dos Santos et al., 2021) and by Muniz and Cuevas-Valdés (Muñiz et al., 2020). To authenticate milk geographical origin, Zhang et al. proposed the use of portable NIR spectroscopy to correctly and rapidly detect the adulteration (Zhang T. et al., 2022). To rapidly and conveniently detect the compositions of milk, a handheld detector was developed by Yang et al. 120 raw samples helped to set up the PLSR model to predict the main composition (Yang et al., 2020). A review on the recent advances in NIR portable spectrometers and the applications to milk, cheese and dairy powders was published by (Pu et al., 2021). That is widely supplied in the market has three main active ingredients, including. Ashie and coworkers determined, by portable NIR spectroscopy, active ingredients like silybin, silychristin and silydianin, and isosilybin in milk thistle extract because of their valuable functions for the human body. Results showed that SNV and first derivative discriminate silybin and isosilybin (Ashie et al., 2021). Water adulteration in raw milk of bovine was detected by Ehsani et al. (Ehsani et al., 2022) and by (Riu et al., 2020) who applied classification and regression techniques to spectra from handheld near infrared spectroscopy for facile and rapid detection. Risoluti et al. (Scala et al., 2018) and (Galvan et al., 2022) demonstrated that low-cost handheld NIRs and EDXRF spectrometry coupled to chemometrics can differentiate authentic cow and goat milks from whey mixed ones.
Human milk banks recently expanded because of the newborns growing need. However, human milk composition analyses are far from routine possibility. Jorge dos Santos and coworkers developed a comparative spectroscopic approach by a portable MicroNIR to compare composition of human milk (Jorge dos Santos et al., 2021) and its conservation (dos Santos et al., 2022). Melendreras et al. (2022) characterized breast milk composition along the lactation period. The results proved the richness of near infrared spectra, and specific bands provided excellent quantitative models.
Lanza et al. (2021) compared benchtop with handheld NIR characterization to discriminate refrigeration periods of chicken breast. PLS-DA indicated correct shelf-life prediction.
A fast online estimation of quail eggs freshness was proposed by (Brasil et al., 2022) and by (Cruz-Tirado et al., 2021).
Alcohol content is essential for the quality control of beers. To this aim, a new rapid and direct multivariate method was proposed and validated using a portable NIR spectrometer and PLS regression, supported by a parallel GC-FID method (da Costa Fulgêncio et al., 2022). Foam parameters are related to beer quality and depend on the protein amount. Viejo et al. used machine learning to predict 54 proteins. Fifteen parameters with handheld NIR assessed significant correlations to physical parameters (Viejo et al., 2020).
Escuredo et al. (2021b) determined quality parameters for potatoes by a MicroNIR device, such as dry matter and reducing sugars. PCA and modified PLS models demonstrated to be useful for potato processors. NaSO3 acts as browning inhibitor when storing potato slices. However, sulfur dioxide residues can be formed, very dangerous to health. NIR hyperspectral imaging was demonstrated to be able to classify SO2 residues (Bai et al., 2020).
Technicians and producers of dairy farm forage need rapid and reliable equipment to control the quality, better if in unexpensive and easy-to-use way. Rego and coworkers presented a portable-NIR-based procedure to analyze the nutritional values of dairy farm forage. By means of Internet of Things (IoT) tools, spectra can be sent to cloud to be processed and accessible to any device. A chemometric model was developed and validated (Rego et al., 2020).
Productivity and wellness of animals can be improved by precision nutritional composition forage. Near infrared spectroscopy demonstrated to be a very useful tool to determine the nutritional content of forage (Rukundo et al., 2021a; Rukundo et al., 2021b).
Beć et al. (2022) published a thematic review to collect the applications of food-analysis miniaturized NIRs, enhancing challenges and perspectives.
4 APPLICATIONS TO DRUGS
The surveillance of medicines is of fundamental importance to guarantee and protect the consumer, especially when the medicines are life-saving or have a strong impact on the patient’s therapy. Consequently, the surveillance of medicine devices is fundamental. NIR spectroscopy plays an extremely interesting role, given the possibility of checking the product without necessarily taking sample aliquots. The ability to carry out analyses, for example, directly inside the packaging blister is now known. Several authors have published interesting scientific applications to drug surveillance and characterization.
Caillet et al. tested six devices’ utility and usability in detecting substandard and falsified medicines: four handheld spectrometers (two near infrared and two Raman), one portable MIR spectrometer and a single-use paper analytical device (Caillet et al., 2021; Greco et al., 2023a; Greco et al., 2023b). Laboratory evaluation of twelve portable devices for medicine quality screening was proposed by Zambrzycki and coworkers, including portable instruments (Zambrzycki et al., 2021).
Illicit-drug seizures are a growing problem since the forensic drug identification is not easy to perform, especially in case of new psychoactive substances. Kranenburg and coworkers (Kranenburg et al., 2022a; Kranenburg et al., 2022b; Kranenburg et al., 2022c) and Awotunde and coworkers (Awotunde et al., 2022) introduced a handheld NIR with a 1,300–2,600 nm range. A specific chemometric model was developed for forensic samples. Authors report that it only requires few reference spectra for training the model, thus eliminating the need of extensive training sets including mixtures. The early detection of emerging street drugs by near infrared spectroscopy and chemometrics was extensively studied by Risoluti and coworkers (Risoluti et al., 2016; Materazzi et al., 2017a; Risoluti et al., 2019b; Risoluti et al., 2019d; Risoluti et al., 2020f).
An innovative screening platform was realized and validated for the detection of cannabinoids on-site in hemp seed oil, aimed to food safety control in market products. This completely automated tool is based on a miniaturized NIR in wireless mode that allows rapid and accurate sample processing and the early detection of residual cannabinoids in oils, including CBD, Δ9-THC and the Δ9-THCA (Risoluti et al., 2019c; Risoluti et al., 2019d; Risoluti et al., 2020b; Risoluti et al., 2020c; Risoluti et al., 2020d) and amphetamine (Risoluti et al., 2020e).
A discrimination of falsified Amoxicillin capsules using heterogeneous NIR spectroscopic devices for training and testing of a support vector machine (Hattori et al., 2021). A handheld NIR spectrometer was employed to quantify heroin was described by Hattori et al. samples by PLS regression and applied to determin heroin casework samples in the concentration range 4.49%–88.05% (w/w). The approach showed good results as repeatability and precision and the results demonstrated an acceptable model performance as on-site heroin detection instrument (Chen et al., 2021).
When considering a pharmaceutical manufacturing process, the ensurance of quality is needed either in the final product or in intermediates. A Raman probe and a portable NIR were applied at the blending process exit. Both the predictive models were tested for accuracy, precision, operating range, measurement frequency, placement, reliability, robustness (Panikar et al., 2021). Hattori et al. (2022). improved algorithms to screen falsified or substandard amoxicillin capsules. FT-NIR and portable wavelength dispersive NIR spectrometers validated the proposed approach. Zhong et al. (2022) proposed the handhelded NIR spectroscopy for the evaluation of coating uniformity of digestion-aid tablets.
A specific review was proposed by Usman et al. to resume the different applications of portable or miniaturized medium-IR, near-IR and Raman instruments for efficient control of quality in pharmaceutical products. These portable spectrometers demonstrated to be a powerful tool to identify of counterfeits, adulterated, fraudulent, falsified, and substandard pharmaceutical capsules or drops (Usman et al., 2020).
The possibility to evaluate Low-Cost Optical Spectrometers to detect falsified medicines is a growing need. Medicines are often counterfeit and is fundamental to warrant rapid, sensible and nondestructive methodologies for the characterization of products. Handheld NIR was proposed by (Wang et al., 2020) and by Assi et al. to authenticate branded or generic antibiotics. The resulting NIR spectra showed characteristic spectra for the main component(s) (Assi et al., 2021). Three-dimensional printing is a revolutionary technology in pharmaceuticals, enabling the personalisation of flexible-dose drug products and 3D printed polypills (polyprintlets). Polyprintlets were non-destructively characterized using a handheld NIR and calibration models were proposed by (Trenfield et al., 2020).
There is a market of seized controlled substances in combination with drug-of-abuse in which new substances psychoactive have to be identified by rapid and reliable presumptive drug testing, better if on-site. Spectroscopic techniques show several advantages because spectra are specific and non-invasive analyses are possible. NIRs is a promising technique for forensic drug detection directly “on-scene”. Several portable spectrometers were sold in the past years. Kranenburg et al. realized a dataset of spectra with 430 samples, including illicit-drugs, NPS, adulterants, bulking-agents and excipients. By this dataset, illicit-drugs spectra were usable by institutes that not easily get access to controlled substances and can be of help in developing chemometric models to detect illicit-drugs (Kranenburg et al., 2022d; Kranenburg et al., 2022e).
Since 2019, COVID-19 has exploded as a global pandemy. The possibility to have false vaccines gave illusion of security, highering the exposure to the virus, and increasing the risk of infection. Assi et al. proposed a non-destructive handheld NIR approach for verification of COVID-19 vaccines. Bands corresponding to the mRNA active ingredient were detected by NIR. PCA allowed the validation of COVID-19 vaccines (Assi et al., 2022). As a parallel security procedure, alcohol-based hand sanitizers were recommended as a strategy to minimize contamination. By handheld NIR with PLS-DA, models were realized to check for conformity of commercial hand sanitizing products, while PCA was proposed to test a exploratory study. Results indicated that NIR spectroscopy with chemometrics are a promising tool to discriminate hand sanitizers and able to detect the right ethanol concentrations (Pasquini et al., 2020; Silva et al., 2021).
Aerial parts of Cannabis spp. can be easily purchased; however, in the cannabis not only is present cannabidiol, but Δ9-tetrahydrocannabinol can also be detected and its psychotropic effects are well known and its presence in high concentration is illegal in almost all the European countries. Officers need to test the Δ9-tetrahydrocannabinol concentration in questioned samples. In addition, a portable equipment is of sure interest for farmers to control the THC content in time. Duchateau et al. analyzed hemp flowers and compared results from benchtop or portable NIR devices. A GC-FID analysis determined in parallel the related THC concentration. The proposed models clearly discriminated legal and illegal cannabis samples on the base of European and Swiss laws (Duchateau et al., 2020).
Women use medroxyprogesterone when hormonal therapy is needed. In case of falsification, health risk could result for consumers. A handheld spectrometer with open-sourced software was tested by Eady and coworkers to evaluate vials of Medroxyprogesterone acetate injectable suspensions from different suppliers and results were validated (Ead et al., 2021).
Anti-leishmanial pentamidine bioconjugates based on PLGA-PEG and hyaluronic acid were described by Scala et al. (Ca et al., 2018).
5 APPLICATIONS IN MEDICAL DIAGNOSTIC
NIR spectroscopy demonstrated to be a very helpful tool in medical diagnostic. The non-invasive spectral characterizations, with the fundamental help of chemiometric evaluation and machine learning, have been scientifically proved to be a fast and sensitive preliminary approach for a preliminary health check. Several publications can be found in recent literature.
Traumatic brain injury can lead to hematomas or edemas inside the cerebral tissue. To this end, low-cost, portable and easy-to-handle devices can be fundamental in continuous monitoring. NIR based techniques have been proposed as good solution. Vera et al. used time resolved Monte Carlo simulations in a handheld NIR study. Results showed that mean partial pathlengths, photon measurement density functions and time dependent contrasts are influenced by lesions, proving to be robust means for diagnose or monitoring (Vera et al., 2022). For the strict control of solid oral preparations, Zhang et al. (2022) studied how to determine the content of active pharmaceutical ingredient by a portable NIR sensor in the production line.
Hafiz and coworkers proposed a new hand-held camera for retinal imaging including white or NIR-LED adjacent to each other, able to illuminate by NIR without additional beam-splitters or filters. The camera was adapted to be interfaced to Android-based smartphones to determine ocular safety analysis (Hafiz et al., 2022).
Bhattacharya et al. presented the development of a NIR-portable instrument to detect acute ischemia stroke by means of albumin in human blood serum. The test on human blood samples showed good linearity to determine the concentration of albumin in human blood (Bhattacharya et al., 2022). Similar studies related to the detection of hematologic pathologies were reported by Gullifa et al. (Risoluti et al., 2019e; Risoluti et al., 2020f; Risoluti et al., 2020g; Gullifa and Risoluti, 2021). The dynamic control of lymphatic and vascular systems was published by (Wang et al., 2022).
An unusual study was proposed by Ni and coworkers, who evaluated handheld-NIR possibility to in vivo analyze healthy tissues and to correlate the results with age. Partial Least Square regression showed that vibrational spectroscopy non-destructive techniques can be used as useful tools to relate interactions between physiology and nutrition (Ni et al., 2022a). Ni et al. also evaluated the ability of an handheld NIR to relate spectral informations to food and energy intake, satiation, and satiety data. Results showed the potentiality of in-vivo NIR spectroscopy to differentiate tissues (Ni et al., 2022b). Clemson et al. (2022) proposed a portable and non-contact system for skin surveillance.
Diabetes is a life-threatening disease and needs constant monitoring of blood glucose levels. Yu and coworkers proposed a mobile application for handheld NIR useful to non-professional users. The experimental results showed that the portable and light NIR spectrometer can be easily used (Yu et al., 2021a). A NIR-LEDs-Based detection system was also proposed by Badriah et al. to measure blood sugar levels on diabetic care (Badriah et al., 2022).
Belay et al. (2020) presented a three-segment grating spectrometer, aimed to help in cancer diagnosis. The results experimentally proved that this solution significantly improves the spectrometer signal. With the same view, Bonapace et al. (2021) described how to determine methylglyoxal adducts content by portable handheld NIR. MicroNIR/chemometrics determination of hydroxyurea occupational exposure was also proposed as a new tool in work-surveillance and prevenction (Risoluti and Materazzi, 2018).
In a review published by Huang et al., a smartphone-based NIR fluorescent imaging technology was proposed. Smartphones can improve diagnoses being a tool for real-time diagnosis, even in remote regions (Huang et al., 2021). Hasan et al. proposed a state of the art review, collecting the predictive and non-invasive techniques of hemoglobin level (Hasan et al., 2021).
6 APPLICATIONS TO AGRICULTURE
Portable systems can be of fundamental usefulness for in-site material characterization and quality analysis in agricultural. Miniaturized NIRs were proposed in material-sensing applications. To validate the performance, several classification algorithms were compared (Behera et al., 2020).
B1 and B2 fumonisin rapid detection in corn was described by Shen and coworkers by smartphone-based handheld NIRs/chemometrics (Shen et al., 2022).
ESI(±)FT-ICR MS and portable microNIR were proposed as a new analytical tool to characterize Robusta coffees. A published study confirmed that both can be efficiently applied to coffee quality control, with many advantages such as speed and analytical reliability (Correia et al., 2020). Baqueta and coworkers directly evaluated cupping profiles in coffee blends via portable NIR and PLS-DA model. Results were presented as industrially interesting and the method could help coffee professionals in cup evaluation (Baqueta et al., 2021). A one-class classification method was proposed to control agroforestry-grown coffees by (Manuel et al., 2022).
Forage analysis by NIR spectroscopy had many advancements since 1970. Due to instrumentation, computers and chemometric algorithms improvements, it is actually the most used approach for the routine analysis by forage producers, plant breeders, animal nutritionists, cattle farmers, and feed companies. Berzaghi et al. (2021) reported a comparison among three different portable instruments and a benchtop lab instrumentation, using many forage samples.
Phenotyping information is fundamental for sugar industry. Gaci and coworkers proposed a micro-, low-cost, portable narrow VIS-NIR instrument to get a PLS predictive model (Gaci et al., 2022). Henrique da Silva Melo and coworkers evaluated portable spectroscopy for the quantification of brix and pol in a sugar production plant (Henrique da Silva Melo et al., 2022).
Edible oils, modified lipids, industrial oils, and biofuels can be produced by Brassica. Analytical methods based on Portable NIRs and NIR-Hyperspectral Imaging were applied to characterize seeds species (da Silva Medeiros et al., 2022). Jiang et al. (2022) and (Bilal et al., 2020) proposed a fast way to determine peanuts acidity index. Yu and coworkers classified the high oleic acid peanuts by comparing portable and benchtop NIRs. The accuracy of distinction was 100% with both the instruments (Yu et al., 2020). Jiang et al. (2021) and (Giussani et al., 2021) used a handheld NIR device to analyze the acid values during the storage of edible oils. Grossi et al. (2020) proposed a procedure to determine solid fat by single-wavelength NIRs.
Yao et al. developed a rapid NIR authentication procedure for exhaust oils used in frying potato chips. A miniaturized NIR sensor showed how handheld vibrational spectrometers can provide a rapid in-situ identification of oil type and could be a surveillance tool of the products (Yao et al., 2021).
Data from three different NIRs were analyzed to compare coriander seeds. Three instruments were compared in their prediction ability. 200 authentic coriander seeds spectra were compared with 90 adulterated samples (McVey et al., 2021). Often consumers of seedlings or fruits have troubles to recognize if that product really is what is indicated by the merchant. Consequently, it becomes particularly crucial to evaluate the marketing process. Vinhandelli et al. used PC-LDA or PLS-DA algorithms to test the ability of NIR spectroscopy to discriminate cultivars (Vinhandelli et al., 2023). Nitrogen assessment in strawberries by handheld FT-NIR was also proposed by Wu and coworkers (Wu et al., 2020).
A cost-effective and fast analysis of nutrient content in cotton leaves by handheld NIR spectroscopy was reported by (Prananto et al., 2021).
Quantitative assay of Aflatoxin B1 in maize was proposed by Deng et al. Their NIR system was realized and employed to characterize maize samples with different mildew degrees (Deng et al., 2022). High-quality production of tobacco leaves needs identification of deep green infection. Janqiang et al. proposed an identification methodology for deep green tobacco infections using a portable NIR (Jianqiang et al., 2020).
Detecting of apple valsa cancer is useful to prevent diseases and to check apples yield and quality. Zhao et al. proposed portable NIRs and Raman scattering spectrometers in reflection mode using machine learning to predict infection degrees (Zhao et al., 2021). Qiao and coworkers proposed apple sugar content determination by handheld tool connected to a cellular phone (Qiao et al., 2020). Apple hardness can be determined by non-destructive, as proposed by (Malvandi et al., 2022b) and by (Ma et al., 2021a).
The citrus industry is always searching for instrumental methods able to determine in real time and in situ the modifications of fruit development or storage, with a special focus on vitamin C. A NIR-based model was proposed to vuate the ripeness (Santos et al., 2021). Jahani et al. (2020) proposed a miniaturized handheld NIR as a preliminary test of adulteration in lime juices coupled with classification methodologies.
The current practice by potato growers for tissue testing is based on petiole chemical analysis rather than leaf analysis. AbuKmeil and Al-Mallahi estimated nutrients in potato intact fresh leaves by a portable Vis-NIR spectrophotometer and the parallel chemical analyses were done on petioles following the official methods of the AOAC. The Lasso models showed a fair distribution of nitrogen, phosphorus, potassium, calcium, magnesium, and zinc with coefficient of determination values above 0.5 and acceptable to excellent RPD values (abuKmeil and Al-Mallahi, 2022).
Wang and coworkers (Wang et al., 2020; Wang et al., 2020; Sun et al., 2020; Wang et al., 2021; Jin et al., 2021; Ren et al., 2022) developed a handheld tool to check the freshness of tea.
The contamination of bee pollen by pyrrolizidine alkaloids is actually determined by LC-MS. De Jesus Inacio and coworkers suggested the use of fast NIR spectroscopy as alternative and accurate approach (De Jesus Inacio et al., 2020).
In the livestock and poultry breeding industry, the slurry is a mixture of urine, feces, flushing water, and disinfectant. The composition varies greatly when returning to the field, due to several different influencing interferences. Liang et al. developed a NIR method to in-situ determine the slurry characteristics (Liang et al., 2022).
7 APPLICATIONS TO FORENSICS
The use of portable NIR devices in forensic analysis has recently undergone an important boost as it makes it possible to acquire fundamental information directly at the crime scene, before starting the currently necessary sampling, custody and pre-treatment procedures. In addition, these characterizations are not destructive, nor do they modify the analyzed sample. These two aspects are peculiar in forensic investigations as they make it possible to ensure the objectivity of the experimental evidence even by non-specialized, but simply trained, personnel. Traces of human blood are among the most important evidences in criminal investigations. Blood samples have to be identified and collected immediately without contamination in the crime scene. Fonseca and coworkers evaluated the possibility to unambiguously identify human blood in stains found in floor tiles by handheld NIR spectroscopy. Authors reported that hierarchical models result in a significant scientific improvement useful for the identification of human blood stains at crime scenes (Fonseca et al., 2022).
Criminals often use common household cleaners, that are strong corrosive solutions, such as, in order to stun the victim. NIR handheld spectrometer was demonstrated to determine corrosive solutions through plastic bottles. Morillas and Frascione evaluated corrosive and harmless substances, to test the real NIR performance. Each predictive model identified the corrosive substances, enhancing the ability of this technique to pre-screen corrosive substances (Morillas and Frascione, 2022).
A modular handheld Vis-NIR spectrophotometer collected spectra from ink signatures by different ball-point pens, as a non invasive tool for ink identification in forensics (Ristova et al., 2022). As new approach in forensic chemistry, NIR/Chemometrics was proposed for the characterization of toners when questioned documents examination is requested (Materazzi et al., 2017b; Risoluti et al., 2018a).
It was proposed to solve illicit drug analysis by an ultra–portable NIR linked to a mobile application, demonstrating the possibility to display the result within 5 seconds (Coppey et al., 2020).
Determination of explosives was reported by Risoluti et al. on human hands using handheld MicroNIR (Risoluti et al., 2018b) and by Santonocito et al. using an optical array (Santonocito et al., 2022).
8 APPLICATIONS TO TEXTILES
Textiles are daily used by all the people in the world. Especially in high fashion, quality and price can greatly change and often it is not easy to identify genuine products only by visualization. The possibility to easily characterize textiles allows to warrant consumers. Textiles are characterized by obvious differences in raw materials (wool, cotton, synthetics) but often small differences (blended versus pure filaments or the optimization of the appearance of polyester versus cotton) can result in significant quality assurance issues. NIR spectroscopy has demonstrated considerable potential in component characterization and feature differentiation.
Handheld NIR was proposed as good solution to textile authentication and identification by Yan et al. who demonstrated to be simply the comparison with reference spectra. PCA combined with SIMCA resulted the best discrimination models (Yan and Siesler, 2018).
Silk is a precious textile not only because of its physical and chemical properties, but also for its beauty. Cotton or polyester are the mainly mixed fibers to optimize the best look (Kumagai et al., 2004). Being not easy the distinction of silk blends from pure silk, portable NIR was tested for a fast characterization of dress composition, including a quantitative answer (Liu et al., 2013; Guifang et al., 2015). The silk was also blended with polyester and fully characterized by PLS calibration (Yan et al., 2020).
Identification of ancient textile fibers becomes fundamental for conservation of textile relics. Fiber identification methods require sampling and slicing cultural relics for observation under an optical microscope or a scanning electron microscope. Handheld NIR was applied to the identification of fibers from four Qing Dynasty textile relics, and resulted in a good spectral comparison (Li et al., 2021; Ding et al., 2021).
9 APPLICATIONS TO MATERIALS
Benchtop and handheld molecular spectrometers have been successfully applied in material identification. Compared to FT-MIR spectra, near infrared profiles allow to complete informations and often solve problems by simply comparing characteristic profiles instead of single band interpretation and assignment.
“To recycle” will be a must for the next generations. Great impulse is actually given to recycle the most common polymers. Handheld NIR was demonstrated to be a very easy-to-use tool to classify them with the aim of a safe recycle (Xiong et al., 2016).
Eder and coworkers described and discussed the possibility to use and transfer analytical techniques, including NIR, for in-field characterization of photovoltaic modules. Polymeric compounds of the photovoltaic modules were analyzed and characterized without modules dismantling, transporting into the lab, cutting and analyzing in conventional bench-top spectrometers (Eder et al., 2020). Catauro et al. characterized bioactive ferrous citrate–silica hybrid materials obtained by a sol–gel synthesis.
10 APPLICATIONS TO WOOD, CELLULOSE, LIGNIN AND LIGNITE
Wood species can be identified by Vis-NIR spectroscopy: this approach is based on light absorption scattering due to the wood characteristics. However, innovative methodologies based on diffuse reflectance demonstrated the possibility to classify many different woods and portable NIR instruments can be easily used for in-field characterizations.
A handheld Vis-NIR system was realized and, to simplify the interpretation of the spectra, wood classification was obtained by PCA scores (Ma et al., 2021b). The development of a low-cost handheld spectrometer to detect wood defects was proposed by (Sandak et al., 2020).
Characterizations from a standing tree minimize and optimize the time requested since eliminate the transport, the transformation in powder and the storage. Ramadevi et al. (2022) estimated the yield of Kraft pulp by portable NIR spectrometer. A fast characterization of holocellulose and lignin in wood by Kernel extreme learning machine was proposed by (Yang et al., 2020).
Off-line determination of diverse wood quality aspects by a portable NIR sensor was demonstrated by Sandak et al. in glue-laminated timber. The chemometric model specifically developed was demonstrated to be helpful in prediction of the total delamination and detailed delamination length (Sandak et al., 2021).
Three moisture predicting models in Para rubber timber were proposed by Noypitak et al. The handheld NIR spectrometer coupled to a smartphone facilitated the quantification of real-time moisture content. An android application was specifically settled up to manage the instrument. Unknown samples allowed to validate the rsults from the predictive equation (Noypitak et al., 2022). A similar approach was proposed by Puttipipatkajorn (Puttipipatkajorn and Puttipipatkajorn, 2020).
Lim et al. proposed to determine the densities of cross linking in latex by an innovative method based on portable NIR (Lim et al., 2021).
11 APPLICATIONS TO NATURAL EXTRACTS
Natural extracts can result in complex mixtures with unknown composition if by-products or contaminations are not monitored and eventually eliminated through subsequent purifications. Consumer protection therefore becomes fundamental both for the bodies in charge of surveillance and for the producer who, in self-protection, controls his own product. Zhuang et al. proposed a quantitative model to monitor active components in Radix Astragali extract. The quantitative model was stressed by comparing a usual FT-NIR with a portable NIR. PLSR models indicated that the calibration model can significantly improve the adaptability to new samples (Zhuang et al., 2022).
The market of Turmeric is increasing since curcuminoids are recognized to give health benefits. Spectroscopic methods with chemometrics are able to quantify turmeric to control food quality and allow analysis speed, versatility, portability and no need of any pretreatments. Khongkaew et al. published a study with 5 calibration models for the quantification of curcuminoids in turmeric both by benchtop and portable instrument. The results indicated benchtop and portable methods in good agreement, confirming the suitability of portable devices in food quality control by analyses in situ (Khongkaew et al., 2022).
Menevseoglu proposed portable FT-NIR, FT-MIR, and Raman spectrometers to identify adulterations in black seed oil by. SIMCA and PLSR models were applied to predict the adulterant levels (Menevseoglu, 2022).
12 OTHER APPLICATIONS
12.1 Applications to cultural heritage
Cultural heritage is the field with the greatest application interest as the non-invasive and portability characteristics of spectroscopy fully embrace the needs of conservation and respect for works that continue over time to bear witness to the excellence of the past. For example, wall paintings are art works based on ancient technologies and materials typical of civilizations from the past. Imaging instrumentation allows the study of the materials and the characterization of pigments.
Asscher and Halevi presented comparative results by stationary or portable modified digital camera, showing the strong environmental influence on the image (Asscher and Halevi, 2022).
In the project “Leonardesque Artists beyond the Visible”, non-invasive portable imaging and spectroscopic-based approach were proposed to obtain useful informations like the description of pigments composition, binder preparation and painters’ technique identification. Results underlined a specific painting technique in each author (Galli et al., 2021).
12.2 Applications to geology
The characterization of mafic and ultramafic rocks is important to determine relationships with specific. Adams et al. demonstrated that the X-ray accurate determination can be completed by handheld VIS and NIR analysis (Adams et al., 2021).
12.3 Applications to waste materials
Plastic waste classification is fundamental to set the right recycle Diffuse reflectance spectra of several reference and commercial polymers allowed to give fast, nondestructive, in-site characterizations by applying different pretreatments. The results proved that PCA allows to separate different plastic materials (Yang et al., 2020).
12.4 Aquaphotomics
The spectrum of the water in aqueous systems gives information on covalent OH and hydrogen bonds since they are deeply influenced. In water NIR spectra, the information results as a function of internal and external factors. Aquaphotomics evaluates by near infrared spectra the groundwaters, not influenced by other factors like temperature or humidity.
Results published by Kovacs and coworkers demonstrated that groundwater samples give specific fingerprint and unicity of the spectroscopic profile that can be used as an indicator of water changes (Kovacs et al., 2022).
Soil-to-water ratios were calculated by Vis-NIR spectra to predict the electrical conductivity by (Gozukara et al., 2022)
A special issue, dedicated to aquaphotomics, was published in the open-access journal Molecules (Muncan and Tsenkova, 2023).
12.5 Applications to fuels
Systematic adulterations of gasoline, ethanol and diesel make fundamental the possibility to have analyitical tools, able to determine fuel integrity. Tosato et al. (2020) characterized 115 seized fuels and proved the efficiency of portable near infrared spectrometers assiste by chemometrics. Diesel quality can be evaluated by the “condensation point”. In-field fast determination of condensation point could minimize the costs. Wan et al. (2021) collected representative spectra using a handheld NIR to setup a prediction model.
Motor and crude oil can be improperly mixed, as found in Brazil by companies of energy sector. Santos and coworkers showed the possibility of handheld NIR spectroscopy to detect these frauds. Discrimination potential resulted in 100% of specificity and precision (Santos et al., 2021).
Environment protection pushes to renewable energies like bioenergy. Fuel surveillance to meet the european rules is consequently needed. Hand-held near spectroscopy was tested on wood chip samples. Results showed a satisfactory reliability because each measure is acquired in seconds and the non-destructive analysis allows to efficiently control fuel quality (Toscano et al., 2022). Pellet recently was studied because of its storage cost and combustion efficiency. The possibility to trace pellet quality is important, since fraud behaviors could impact consumers’ health. Usual pellet analyses are costly and time-consuming Mancini and coworkers defined a handheld-NIRs approach to propose a fast and automatic classification of pellet (Mancini et al., 2020).
12.6 Applications to micro- and nano-materials
Orsi et al. setted up and calibrated a handheld NIR method to determine ROS, because of its impact in Photodynamic therapies. The approach is based on the fluorescence emission in the near-infrared spectral range at λ = 1,270 nm. Several nanostructures have been proposed as able to produce reactive oxygen species voted to medicine therapies (tumours in deep tissue) (Orsi et al., 2022).
Microplastics residues are a growing environmental problem. A review proposed by Tirkey and Upadhyay collected and highlighted innovative approaches in microplastics sampling and identification, including NIR (Tirkey and Upadhyay, 2021).
12.7 Applications to asphalt
Modern asphalts are often the result of modifiers inclusions. These modifiers increase sustainability, lower rutting and low-temperature cracking. To this end, a portable molecular sensing technology was proposed, consisting in a pocket-sized near-infrared molecular sensor, able to detect recycled materials. It was demonstrated that the resulting fingerprint of the bituminous materials helps the classification (Jahangiri et al., 2021). The same authors proposed a smartphone-based approach (Barri et al., 2020).
13 CHEMOMETRICS
Private companies always more ask for on-site analysis by portable instruments, better if spectroscopic devices. Schoot et al. presented a new prediction model from portable NIR data to predict protein content in pig feed (Schoot et al., 2022).
With increasing availability of handheld NIR spectrometers, is of interest the possibility to transfer calibration model from benchtop to portable NIR. Rukundo and coworkers calibrated a benchtop NIR and transferred calibrations to a benchtop and portable instruments. Model transferring however was not direct and required data treatments (Rukundo et al., 2022).
Advantages in milk analysis by NIR spectrometers was proposed by (Said et al., 2022).
Various preprocessing techniques and their combinations were comparatively proposed by Sarkar et al. to quantify soluble solids in kiwi fruits (Sarkar et al., 2020). The content of dry matter when harvesting was proved to have correlation with soluble solids in Kakadu plum samples (Bobasa et al., 2021). De Freitas and coworkers (de Freitas et al., 2022) and Wokadala and coworkers (Wokadala et al., 2020) determined the fruit dry matter content at harvest in Brazil, while the detection of internal physiological disorders was determined by (Mogollón et al., 2020). Portable optical instruments were specifically studied to determine fruit ripeness (Abasi et al., 2021), even directly on the by McCormick and Biegert (McCormick and Biegert, 2021). Pissar et al. (2021), (Zhang et al., 2022; Zhang et al., 2022), (Guo et al., 2020) and (Fan et al., 2020) described the usefulness of a portable NIR to determine apple quality.
Yang et al. (2022) and (Yu et al., 2021b) determined soluble solids content in pears based on VIS-NIR and model analysis and variable selection. Wu et al. (2021). settled up a non-destructive characterization of pears by a home-made NIR and a chemometric prediction model. Mulisa Bobasa and coworkers evaluated 4 different positions to achieve NIR spectra of Kakadu plum fruits, thus monitoring fruit chemical composition (Mulisa Bobasa et al., 2020). The nonlinear optical properties of monodispersed diphenylpolyynes were also studied by (Fazio et al., 2014).
Xiao and Chen presented an innovative research on NIR data analysis by using Machine Learning algorithms to study in-vivo the human skin characteristics. NIR showed sure potential to develop a cheap, handheld and powerful, skin characterization tool (Ca et al., 2018; Scala et al., 2018; Risoluti et al., 2020h; Xiao and Chen, 2022).
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In this study, we report a highly sensitive electrochemical immunosensor for carcinoembryonic antigen (CEA) detection based on the electrodeposited platinum nanoparticles (Pt NPs) confined in the ultrasmall nanochannels of vertically ordered mesoporous silica film (VMSF). VMSF bearing amine groups (NH2-VMSF) can be prepared on the indium tin oxide electrode surface via a one-step co-condensation route using an electrochemically assisted self-assembly method, which renders a strong electrostatic effect for [PtCl6]2- and leads to the spatial confinement of Pt NPs inside the silica nanochannels after electrodeposition. The external surface of NH2-VMSF is functionalized with CEA antibodies using glutaraldehyde as a coupling agent, resulting in an electrochemical immunosensing interface with good specificity for CEA detection. Under optimal experimental conditions, high affinity between the CEA antibody and CEA produces a steric hindrance effect for the accessibility of the electrochemical probe ([Fe(CN)6]3-) in the bulk solution to the underlying indium tin oxide surface, eventually resulting in the attenuated electrochemical signal and enabling the detection of the CEA with a wide linear range of 0.01 pg/mL∼10 ng/mL and a pretty low limit of detection of 0.30 fg/mL. Owing to the signal amplification ability of Pt NPs and the anti-biofouling property of NH2-VMSF, the as-prepared electrochemical immunosensor based on the Pt NPs@NH2-VMSF displays an accurate analysis of the CEA in human serum samples, holding significant promise for health monitoring and clinical diagnosis.
Keywords: platinum nanoparticles, silica nanochannel films, electrochemical immunosensor, carcinoembryonic antigen, anti-fouling detection
1 INTRODUCTION
Nanomaterials usually exhibit a large specific surface area and unique magnetic/optical/electrochemical properties that can improve the sensitivity and selectivity of various chemo/biosensors (Mao et al., 2019; Xi et al., 2019; Qiu et al., 2021; Zheng et al., 2021; Huang Y. et al., 2023; Xu et al., 2023; Zhu et al., 2023). Among them, noble metal nanoparticles (NPs) with nanosized structures have garnered significant attention due to their unique physicochemical properties and large specific surface area compared to their bulk materials, which have been widely used in electroanalytical applications (Lin et al., 2020; Zhao et al., 2020). Platinum (Pt) NPs are a kind of commonly used noble metal NP but unstable and will aggregate because of their high surface energy, resulting in the disappearance of specific desired features at the ultrasmall nanoscale. To control Pt NPs at the nanoscale, organic ligands or particular supported materials are introduced in the preparation procedure (White et al., 2009).
Recently, nanoporous materials have gained significant attention due to their high specific surface area, adjustable structure, and pore size and have exhibited considerable potential in applications such as adsorption/separation, sensing, catalysis, and energy storage applications (Cui et al., 2020; 2021; Zhao et al., 2020; Gong et al., 2022a; Liu et al., 2022). Vertically ordered mesoporous silica films (VMSFs) are a kind of solid nanoporous materials composed of highly ordered and uniform silica nanochannels (2–3 nm in diameter and tens to a hundred nanometers in length) and high porosity (Walcarius, 2021; Huang J. et al., 2023; Deng et al., 2023). In the past decades, an increasing number of electrochemical and electrochemiluminescence sensors have been designed using VMSF as the electrode-modified material (Liang et al., 2021; Su et al., 2022; Wei et al., 2022; Zhou et al., 2022). Although VMSF has unique insulating properties, it has been extensively utilized as an electrode protective layer for the direct and highly sensitive anti-biofouling analysis of complicated media (Wang et al., 2022; Zheng et al., 2022; Zhu et al., 2022). On the one hand, VMSFs bearing a large amount of silanol groups (pKa = 2–3) display pronounced permselective effects toward targets or probes and simultaneously have excellent molecular sieving capability for them (Luo et al., 2022; Lv et al., 2022). On the other hand, they offer a lot of tiny confined spaces for the synthesis of metal NPs (e.g., gold (Ding et al., 2014a; Huang L. et al., 2023), Pt (Ding and Su, 2015; Li et al., 2020), and nickel (Ding et al., 2020)), polymers (Ding et al., 2014b), and graphene quantum dots (Zhang C. et al., 2023). The Su group employed two methods (namely, direct electrodeposition and chemical reduction) to achieve Pt NPs in silica nanochannels (Ding and Su, 2015; Li et al., 2020). The latter one needs first confinement of polyaniline polymer inside the nanochannels, generating the secondary and tertiary imines for easy complex with PtCl62– and subsequently suffering from chemical reduction in situ. To the best of our knowledge, simple modification of VMSF with functional groups for adequate incorporation of PtCl62– and further electrodeposited growth of Pt NPs has not yet been reported. Moreover, VMSF with functional groups renders the binding site for immobilization of specific recognition elements, exhibiting promising ability for the development of various sensitive and selective electrochemical sensors (Gong et al., 2022b; Ma et al., 2022b; Zhang T. et al., 2023; Chen et al., 2023).
Screening of tumor markers in human serum, especially the level of the carcinoembryonic antigen (CEA), is particularly valuable for the early auxiliary diagnosis and prognosis of various cancers (Zhang et al., 2022; Zhou et al., 2023). CEA concentration in the blood serum of healthy individuals is generally below 5 ng/mL, whereas cancer patients may exhibit levels exceeding 20 ng/mL (Lin et al., 2021). Several strategies have been developed for CEA detection, such as the enzyme-linked immunosorbent assay (Song et al., 2017), electrochemiluminescence method (Zhang et al., 2017), immunohistochemical method (Zeng et al., 1993), radioimmunoassay (Edgington et al., 1976), fluoroimmunoassay (Huang et al., 2018), and electrochemical immunoassay (Tang et al., 2007; Yan et al., 2023). Among them, electrochemical immunoassay has many advantages because of its low cost, rapid response, high selectivity, easy operation, and portability. Therefore, the development of electrochemical sensors with high sensitivity and anti-fouling capacity for direct detection of the CEA in human serum is highly desirable.
In this work, we demonstrate the use of amino group-functionalized VMSF (NH2-VMSF) for the confined synthesis of Pt NPs and the design of a highly sensitive electrochemical immunosensor for the CEA. NH2-VMSF-carrying amino groups provide a strong electrostatic effect for [PtCl6]2− and lead to the well confinement of Pt NPs after electrodeposition. Such obtained Pt NPs confined in ultrasmall nanochannels of NH2-VMSF (termed as Pt NPs@NH2-VMSF) can be obtained in several seconds using a simple and controllable electrochemical method. The external surface of NH2-VMSF is immobilized with CEA antibodies using glutaraldehyde as a coupling agent, giving rise to an electrochemical immunosensing interface with good specificity for CEA detection. Due to the high affinity between the CEA antibody and CEA on the sensing interface, the steric hindrance effect is enhanced for the accessibility of the electrochemical probe ([Fe(CN)6]3−) in the bulk solution to the underlying ITO surface, ultimately yielding the relationship between the attenuated electrochemical signal and CEA concentration. Benefiting from the signal amplification ability of Pt NPs and the anti-biofouling property of NH2-VMSF, the developed electrochemical immunosensor based on Pt NPs@NH2-VMSF can be applied to sensitively and selectively detect CEA in human serum.
2 MATERIALS AND METHODS
2.1 Chemicals and materials
The CEA antigen and anti-CEA antibody, prostate-specific antigen (PSA), and alpha-fetoprotein (AFP) were purchased from Beijing Key-Bio Biotech Co., Ltd. (Beijing, China). S100 calcium-binding protein β was bought from Proteintech (Wuhan, China). C-reactive protein (CRP) was ordered from Nanjing Okay Biotechnology Co., Ltd. (Nanjing, China). Hexadecyl trimethyl ammonium bromide (CTAB), silicon tetraacetate (TEOS), potassium ferricyanide (K3[Fe(CN)6], 99.5%), potassium ferrocyanide (K4[Fe(CN)6], 99.5%), sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O), sodium phosphate dibasic dodecahydrate (Na2HPO4·12H2O), glutaraldehyde (GA), and chloroplatinic acid hexahydrate (H2PtCl6·6H2O) were received from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 3-Aminopropyltriethoxysilane (APTES) and potassium hydrogen phthalate (KHP) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Sodium nitrate (NaNO3), sodium hydroxide (NaOH), and ethanol (99.8%) were purchased from Hangzhou Gaojing Fine Chemical Co., Ltd. (Hangzhou, China). Concentrated hydrochloric acid (HCl) and concentrated sulfuric acid (H2SO4) were obtained from Shuanglin Inorganic Chemical Plant (Hangzhou, China). Phosphate buffer solution (PBS) was prepared by mixing Na2HPO4 and NaH2PO4.
ITO-coated glasses (<17 Ω/square, thickness: 100 ± 20 nm) were purchased from Zhuhai Kaivo Optoelectronic Technology Co., Ltd. (China). To get a clean surface, the ITO electrode was immersed in 1 M NaOH solution overnight and then successively sonicated in acetone, ethanol, and ultrapure water. Ultrapure water (18.2 MΩ cm) used in the experiments was prepared by using the Milli-Q system (Millipore Company).
2.2 Measurements and instrumentations
Transmission electron microscopy (TEM) images were captured using a transmission electron microscope (JEM-2100, JEOL, Japan). Field-emission scanning electron microscopy (SEM) images and energy dispersive X-ray mapping spectroscopy (EDS mapping) data were analyzed using a scanning electron microscope (Sigma500, Zeiss, Germany). The X-ray photoelectron spectroscopy (XPS) data were collected on a PHI5300 electron spectrometer using 250 W, 14 kV, and Mg Kα radiation (PE Ltd., United States). All electrochemical measurements, including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry (DPV), were conducted on a conventional three-compartment electrochemical cell by Autolab (PGSTAT302N) electrochemical workstation (Metrohm, Switzerland), with the modified ITO electrode, an Ag/AgCl electrode, and a platinum wire electrode as the working, reference, and counter electrodes, respectively. The scan rate for CV tests was 50 mV/s. The parameters for DPV measurements included step potential (0.005 V), pulse amplitude (0.05 V), pulse time (0.05 s), and interval time (0.2 s).
2.3 Preparation of SM@NH2-VMSF/ITO and GA/Pt NPs@NH2-VMSF/ITO electrodes
The NH2-VMSF/ITO could be grown on the bare ITO electrode (1 cm × 0.5 cm) by the electrochemically assisted self-assembly (EASA) method within 10 s (Etienne et al., 2009; Ma et al., 2022a; Ma N. et al., 2022). In brief, CTAB (1.585 g) was first dissolved in a mixture solution consisting of 0.1 M NaNO3 aqueous solution (20 mL, pH 2.6) and ethanol (20 mL). After the addition of APTES (0.318 mL), the pH of the mixed solution was adjusted to 2.97 using 6 M HCl. Subsequently, TEOS (2.372 mL) was added, and the obtained precursor solution was stirred at room temperature for 2.5 h. VMSF-bearing amino groups (NH2-VMSF) were prepared on the bare ITO electrode surface by immersing the clean ITO electrode in the aforementioned aged solution and applying a constant current density (−0.70 mA·cm−2) for 10 s. Then, the finally obtained electrode was rapidly washed with ultrapure water and aged for 12 h at 120°C. As for the directly as-prepared modified electrode, surfactant micelles (SMs) made up of CTAB were positioned inside the nanospace of silica nanochannels, designated as SM@NH2-VMSF/ITO.
GA-functionalized SM@NH2-VMSF/ITO, termed GA/SM@NH2-VMSF/ITO, was obtained using a simple drop-casting procedure, which could act as a cross-linking agent for further covalent immobilization of specifically recognized antibodies. Specifically, 5% GA (50 μL) was dropped onto the SM@NH2-VMSF/ITO electrode surface and incubated at 37°C for 30 min in a dark place. Then, the GA/SM@NH2-VMSF/ITO electrode was placed into a 0.1 M HCl/ethanol solution under stirring for 5 min to remove the SM, generating open channels for mass transport. Such resulting electrode was denoted as GA/NH2-VMSF/ITO. Pt nanoparticles were electrodeposited inside NH2-VMSF using chronoamperometry, and the growth of Pt NPs can be well controlled when applying a constant potential of −0.2 V for different durations. 3.86 mM of H2PtCl6·6H2O electrodeposition solution was composed of 100 mg/mL H2PtCl6·6H2O (1 mL) and 0.1 M H2SO4 (49 mL). In short, the GA/NH2-VMSF/ITO electrode was immersed in the aforementioned electrodeposition solution and applied a constant potential of −0.2 V for 2 s, finally achieving the Pt NPs confined into the nanochannels of NH2-VMSF, designated as GA/Pt NPs@NH2-VMSF/ITO.
2.4 Preparation of the electrochemical immunosensor based on the GA/Pt NPs@NH2-VMSF/ITO electrode and electrochemical determination of CEA
An electrochemical immunosensor for CEA detection was prepared by immersing the GA/Pt NPs@NH2-VMSF/ITO electrode in a 10 μg/mL antibody-CEA (50 μL) solution and incubating at 4°C for 1 h. After being rinsed with the residual antibody-CEA with 0.01 M PBS (pH 7.4), the immunosensing interface was eventually obtained, named the Ab/GA/Pt NPs@NH2-VMSF/ITO electrode.
CEA solution (50 μL) with various concentrations was dropped onto the Ab/GA/Pt NPs@NH2-VMSF/ITO electrochemical immunosensor and incubated at 4°C for 1 h. Then, the residual CEA solution was washed off using 0.01 M PBS (pH 7.4). DPV was utilized to measure the electrochemical signal of [Fe(CN)6]3− before and after the interaction between Ab/GA/Pt NPs@NH2-VMSF/ITO and CEA. Moreover, the standard addition method was used for the determination of CEA in fetal bovine serum to prove the reliability of the constructed Ab/GA/Pt NPs@NH2-VMSF/ITO immunosensor in real samples. The fetal bovine serum was diluted by a factor of 50 using 0.01 M PBS (pH 7.4), and the CEA with a known concentration was added to the serum sample. Finally, the same detection procedure was conducted on the CEA detection in the serum sample using the Ab/GA/Pt NPs@NH2-VMSF/ITO electrochemical immunosensor.
3 RESULTS AND DISCUSSION
3.1 Preparation of a Pt NPs@NH2-VMSF/ITO-based immunosensor and its sensing mechanism for CEA
Scheme 1 reveals the fabrication process of the ITO electrode decorated with NH2-VMSF, containing Pt nanostructures inside the inner nanochannels, while simultaneously modifying the anti-CEA antibody on the outmost surface using a convenient and controllable electrochemical method. The resulting electrode is termed as Ab/GA/Pt NPs@NH2-VMSF/ITO, combining the electrocatalyst effect of Pt NPs and the specific recognition capacity of the anti-CEA antibody. The growth of NH2-VMSF on the ITO electrode surface is accomplished by the EASA approach. Due to the presence of amine groups on both the inner silica walls and external surface, NH2-VMSF-encased surfactant micelles inside the nanochannels are used to functionalize with a linker agent (glutaraldehyde, GA) (denoted as GA/SM@NH2-VMSF/ITO, as shown in Scheme 1B), which can guarantee further modification of the anti-CEA antibody on the external surface of NH2-VMSF. After exclusion of SMs, NH2-VMSF possesses opened nanochannels and protonated amino groups on the silica walls, designated as GA/NH2-VMSF/ITO (Scheme 1C), which renders the active sites for electrosynthesis of Pt NPs in situ to obtain GA/Pt NPs@NH2-VMSF/ITO (Scheme 1D). Finally, the anti-CEA antibody is anchored to the external surface of NH2-VMSF through GA, achieving the Ab/GA/Pt NPs@NH2-VMSF/ITO sensor (Scheme 1E). The target CEA can be specially recognized on the Ab/GA/Pt NPs@NH2-VMSF/ITO sensing interface, resulting in the hampered mass transport of the [Fe(CN)6]3– probe in the bulk solution to the underlying ITO electrode surface through the silica nanochannels of NH2-VMSF (Scheme 1F). Therefore, the decreased electrochemical current signal of [Fe(CN)6]3– is associated with the CEA concentration, leading to the quantitative analytical method of detection of the CEA.
[image: Scheme 1]SCHEME 1 | Schematic illustration of the preparation of the Ab/GA/Pt NPs@NH2-VMSF/ITO electrode (A–E) and its sensing mechanism for the CEA (A–F).
3.2 Characterization of NH2-VMSF/ITO and Pt NPs@NH2-VMSF/ITO electrodes
Figure 1 depicts the transmission electron microscopy and electrochemical characterization of NH2-VMSF. A top-view TEM image of NH2-VMSF displays a crack-free structure with numerous uniform pores of nanometer-sized diameter (ca. 2–3 nm) (Figure 1A). As shown in Figure 1B, the nanochannel of the NH2-VMSF is homogeneous and its length is 79 nm. Figure 1C shows the CV curves of ITO, SM@NH2-VMSF/ITO, and NH2-VMSF/ITO electrodes in 0.05 M KHP containing 0.5 mM K3[Fe(CN)6]. The ITO electrode exhibits obvious redox peaks originating from the redox reaction of [Fe(CN)6]3–. However, the CV curve measured by the SM@NH2-VMSF/ITO electrode shows no obvious redox peak, which is attributed to the hydrophobic environment consisting of CTAB SM and leads to the obstructed transport of hydrophilic [Fe(CN)6]3– within nanochannels. The NH2-VMSF/ITO electrode without SM inside the nanochannels not only has an open channel for free diffusion of [Fe(CN)6]3– but also displays electrostatic attraction for negatively charged [Fe(CN)6]3–, eventually giving rise to amplified redox signals compared to those at the ITO. These results indicate that NH2-VMSF on the ITO electrode is intact without cracks, and the electrochemical response of [Fe(CN)6]3– at the NH2-VMSF/ITO electrode can be enlarged, showing the significant potential of NH2-VMSF/ITO for the design of gated-controlled electrochemical sensors.
[image: Figure 1]FIGURE 1 | (A) Top-view TEM image of NH2-VMSF. (B) Cross-sectional TEM image of NH2-VMSF. (C) CV curves of the ITO, SM@NH2-VMSF/ITO, and NH2-VMSF/ITO electrodes in 0.05 M KHP containing 0.5 mM K3[Fe(CN)6].
Top-view SEM images in Figures 2A, B show the surface of the NH2-VMSF/ITO electrode before and after the electrodeposition of Pt NPs. Both surfaces appear relatively smooth without obvious differences between NH2-VMSF/ITO and Pt NPs@NH2-VMSF/ITO, indicating that Pt NPs are confined inside the nanochannels. Figures 2C, D display the top-view SEM image and EDS elemental mapping of Pt NPs after dissolution of NH2-VMSF by 0.1 M NaOH (50 μL). As seen, Pt NPs distributed on the surface of the electrode have sizes ranging from 160 to 260 nm, which is probably due to the aggregation of Pt NPs after losing the protection of NH2-VMSF and also confirms the successful electrodeposition of Pt NPs within the nanochannels of NH2-VMSF.
[image: Figure 2]FIGURE 2 | Top-view SEM images of NH2-VMSF/ITO (A) and Pt NPs@NH2-VMSF/ITO before (B) and after (C) the dissolution of NH2-VMSF. (D) EDS elemental mapping of Pt NPs at the Pt NPs@NH2-VMSF/ITO electrode after the dissolution of NH2-VMSF.
To further verify the successful electrodeposition of Pt NPs into the nanochannels of NH2-VMSF, XPS analysis was conducted, as shown in Figure 3. As demonstrated, the presence of N and Pt in XPS data is derived from amino groups of NH2-VMSF and electrodeposited Pt NPs, respectively. In addition, C, O, and Si elements are from the NH2-VMSF structure. All the aforementioned results confirm the successful preparation of the Pt NPs@NH2-VMSF/ITO electrode.
[image: Figure 3]FIGURE 3 | XPS survey spectra of Pt NPs@NH2-VMSF/ITO.
3.3 Characterization of the Pt NPs@NH2-VMSF/ITO-based electrochemical immunosensor
CV and EIS were used as electrochemical methods to investigate the interfacial state changes during the construction of the Ab/GA/Pt NPs@NH2-VMSF/ITO sensor. Figure 4 displays the CV (A) and EIS (B) curves of NH2-VMSF/ITO, GA/NH2-VMSF/ITO, Pt NPs@NH2-VMSF/ITO, GA/Pt NPs@NH2-VMSF/ITO, Ab/GA/Pt NPs@NH2-VMSF/ITO, and Ag/Ab/GA/Pt NPs@NH2-VMSF/ITO electrodes in 50 mM KHP containing 0.5 mM [Fe(CN)6]3–. The cross-linking of GA with amino groups at the entrance of the silica nanochannels causes a decrease in redox peak current values of [Fe(CN)6]3– at the GA/NH2-VMSF/ITO and GA/Pt NPs@NH2-VMSF/ITO, in comparison with those obtained at the NH2-VMSF/ITO and Pt NPs@NH2-VMSF/ITO (Figure 4A). After the successful electrodeposition of Pt NPs into the nanochannels of NH2-VMSF, the magnitude of redox peak currents significantly increased due to the signal amplification capacity of Pt NPs. The redox peak currents further decrease after covalently attaching Ab to the GA/Pt NPs@NH2-VMSF/ITO surface, which is attributed to the insulating property of proteins hindering the mass transfer of electrons on the electrode surface. Upon immobilization of CEA, the redox current values remarkably decrease, confirming the successful formation of the antibody–antigen immunocomplex at the sensing interface. EIS plots shown in Figure 4B consist of a semicircle part in the high-frequency region and a linear part in the low-frequency region, which are associated with the electron transfer and diffusion processes, respectively. Electron transfer resistance (Rct) can be extracted from the magnitude of the semicircle diameter, showing the electron transfer variation between different electrodes. EIS measurements in Figure 4B reveal Rct of the same electrodes shown in Figure 4A. Similar variation is observed, and GA/Pt NPs@NH2-VMSF/ITO exhibits lower Rct compared to GA/NH2-VMSF/ITO, indicating that Pt NPs, as a kind of excellent electronic conductivity material, improve electron transfer ability on the electrode interface. Moreover, Rct significantly increases after immobilization of the anti-CEA antibody and target CEA, demonstrating that the formed antibody–antigen immunocomplex indeed obstructs the diffusion of electrons and further proving the feasible detection capacity of the developed Ab/GA/Pt NPs@NH2-VMSF/ITO.
[image: Figure 4]FIGURE 4 | (A) CV curves of different electrodes in 50 mM KHP containing 0.5 mM K3[Fe(CN)6] and (B) EIS curves of different electrodes in 0.1 M KCl containing 2.5 mM [Fe(CN)6]3–/[Fe(CN)6]4–.
3.4 Optimization of experimental conditions
There are several factors that affect the analytical performance of the Ab/GA/Pt NPs@NH2-VMSF/ITO sensor, including the electrodeposition time of Pt NPs and the incubation time of the anti-CEA antibody or CEA. First, we studied the performance of the developed sensor with various electrodeposition times of Pt NPs ranging from 1 s to 10 s (Figure 5A). When the electrodeposition time increases from 1 s to 2 s, the obtained DPV signal for CEA increases due to the increased amount of Pt NPs and reaches its maximum when the deposition time is set to 2 s. When the electrodeposition time further increases from 2 s to 10 s, the signal gradually decreases. This decrease can be attributed to the reduced effective space of NH2-VMSF’s nanochannels for accessible transport of the [Fe(CN)6]3– probe in the bulk solution. Subsequently, we investigated the incubation time of the anti-CEA antibody. As displayed in Figure 5B, it could be found that the peak current intensity decreases as the incubation time increases up to 60 min. This is because the amount of anti-CEA immobilized on the electrode is approaching saturation. Similarly, the effect of incubation time for the CEA on the electrochemical response is shown in Figure 5C. It is evident that as the incubation time increases, the peak current signal gradually decreases. After incubation for more than 60 min, the signal changes become minimal, indicating that the immunocomplex formed between the CEA and anti-CEA antibody has reached saturation. Therefore, 60 min is determined to be the optimal incubation time.
[image: Figure 5]FIGURE 5 | (A) Cathodic peak currents measured at the GA/Pt NPs@NH2-VMSF/ITO in 50 mM KHP containing 0.5 mM K3[Fe(CN)6] at different deposition times of Pt NPs. The inset shows its corresponding DPV curves. (B) Cathodic peak currents measured at the Ab/GA/Pt NPs@NH2-VMSF/ITO in 50 mM KHP containing 0.5 mM K3[Fe(CN)6] at different incubation times for the anti-CEA antibody. The inset shows its corresponding DPV curves. (C) Cathodic peak currents measured at the Ag/Ab/GA/Pt NPs@NH2-VMSF/ITO in 50 mM KHP containing 0.5 mM K3[Fe(CN)6] at different incubation times for the CEA. The inset shows its corresponding DPV curves.
3.5 Quantitative determination of CEA using the fabricated Ab/GA/Pt NPs@NH2-VMSF/ITO immunosensor
To evaluate the analytical performance of the Ab/GA/Pt NPs@NH2-VMSF/ITO sensor, we tested it in detecting the CEA with various concentrations under optimized conditions using the DPV technique. As shown in Figure 6A, the cathodic peak current decreased progressively with the increase in the concentration of the CEA due to the continuous formation of the antibody–antigen complex at the sensing interface. A good linear relationship is displayed between the DPV signal (IDPV) and the logarithm of the CEA concentration (CCEA) in the range of 0.01 pg/mL to 10 ng/mL (Figure 6B), yielding a linear regression equation of IDPV (μA) = 0.796 logCCEA-7.02 (R2 = 0.996). Furthermore, the limit of detection (LOD) calculated is 0.3 fg/mL at the signal-to-noise ratio of 3 (S/N = 3). We compare the related analytical parameters and construction strategy of the Ab/GA/Pt NPs@NH2-VMSF/ITO sensor with the other reported sensors. As shown in Table 1, our fabricated Ab/GA/Pt NPs@NH2-VMSF/ITO strategy has a low LOD and simple preparation steps. Moreover, the developed sensor not only achieves dual signal amplification through the electrocatalysis ability of Pt NPs and the electrostatic enrichment effect of VMSF at the electrode interface but also has the advantage of a shorter construction time.
[image: Figure 6]FIGURE 6 | (A) DPV responses of the Ag/Ab/GA/Pt NPs@NH2-VMSF electrode to various concentrations of CEA in 0.01 M PBS (pH 7.4). (B) Corresponding calibration curves. Error bars refer to the standard deviations of three measurements.
TABLE 1 | Comparison of the analytical performances of different methods for the determination of the CEA.
[image: Table 1]3.6 Selectivity of the fabricated Ab/GA/Pt NPs@NH2-VMSF/ITO immunosensor
The selectivity of the fabricated Ab/GA/Pt NPs@NH2-VMSF/ITO sensor were studied by multiple potential interfering substances, including the PSA, S100 calcium-binding protein β, AFP, and CRP. As shown in Figure 7, the Ab/GA/Pt NPs@NH2-VMSF/ITO immunosensor demonstrates excellent signal response to the CEA and a mixture of the aforementioned substances containing the CEA while showing almost no response to other interfering substances. This indicates that our sensing platform has high selectivity to the CEA, resulting from the specific binding of the anti-CEA antibody and CEA complex.
[image: Figure 7]FIGURE 7 | DPV current ratio obtained from Ab/GA/Pt NPs@NH2-VMSF/ITO in the absence (I0) or presence (I) of different species with the same concentration (10 ng/mL). Error bars refer to the standard deviations of three measurements.
3.7 Detection of CEA in real samples
To validate the reliability and accuracy of the developed Ab/GA/Pt NPs@NH2-VMSF/ITO sensor, we conducted real sample testing by detecting the CEA amount in fetal bovine serum using the standard addition method. After diluting the fetal bovine serum by a factor of 50 using 0.01 M PBS (pH 7.4), we added 0.1 pg/mL, 10 pg/mL, and 1000 pg/mL of CEA and measured the electrochemical signals by DPV. The added known and tested concentrations of the CEA are designated as “Cadded” and “Cfound”. In addition, the recovery is defined as the concentration ratio ((Cadded/Cfound)×100%), which is used to evaluate the detection performance of the fabricated Ab/GA/Pt NPs@NH2-VMSF/ITO in real samples. Generally, recovery ranging from 90.0% to 110% is considered for high accuracy. The relative standard deviation (RSD) value represents the deviation of three measurements disseminated around the average value, which is expressed as the ratio of the standard deviation to the average value. The lower the RSD, the closer the measured values are to the average value, indicating good precision. As shown in Table 2, the recoveries of the CEA obtained in the aforementioned fetal bovine serum samples range from 104.5% to 107.4% with low RSD values (<5.7%). These results demonstrate the promising potential of the proposed Ab/GA/Pt NPs@NH2-VMSF/ITO sensor for sensitive detection of the CEA in clinical applications.
TABLE 2 | Recoveries of the CEA in the fetal bovine serum sample (n = 3).
[image: Table 2]4 CONCLUSION
In summary, Pt NPs confined in the silica nanochannels of NH2-VMSF without any protecting ligands have been successfully synthesized on the ITO electrode surface using a simple electrochemical method. The CEA antibody covalently modified on the external surface of NH2-VMSF endows the sensor with good specificity for CEA detection. With the help of the [Fe(CN)6]3− probe in the bulk solution, the high affinity between the CEA antibody and CEA on the sensing interface forms the steric hindrance effect for the accessibility of [Fe(CN)6]3− to the underlying ITO surface, resulting in an attenuated electrochemical signal and allowing the detection of the CEA with a wide linear range of 0.01 pg/mL∼10 ng/mL and a pretty low limit of detection of 0.30 fg/mL. Combining the signal amplification ability of Pt NPs and the anti-biofouling property of NH2-VMSF, the presented sensing strategy can be directly applied in detecting the CEA in human serum samples, which is helpful for the analysis of tumor-related biomarkers in clinical diagnosis.
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Introduction: The body’s ability to metabolize nicotine and the disposition of nicotine in the brain are important determinants of its exposure. Limited knowledge about the near real-time changes of neurochemicals during the brain nicotine metabolic process hinders the recognition of its multiple neuropharmacological effects.
Methods: An online microdialysis coupled with UHPLC-HRMS/MS method for the in vivo multi-analysis of nicotine metabolites and several neurotransmitters in rat brain was developed. Whether the systemic modulation of metabolic enzyme CYP2B would modulate nicotine pharmacokinetics and local neurochemical effects was further investigated.
Results: The dynamic profiles of over 10 nicotine metabolites and neurotransmitters were simultaneously obtained after a single injection of nicotine (2 mg·kg−1, i.p.) using the new method. Proadifen pretreatment (50 mg·kg−1·d−1, i.p., 4 days) caused significant inhibition of brain CYP2B1 activity. When exposed to nicotine, the brain Cmax of nicotine was 1.26 times higher and the levels of nicotine metabolites, nornicotine, and nicotine-N-oxide, were decreased by 85.3% and 34.4% in proadifen-pretreated rats. The higher level of brain nicotine induced a greater release of dopamine, serotonin, glutamate, and γ-amino-butyric acid in the nucleus accumbens. The concentrations of nicotine and dopamine were positively correlated, and the average levels of γ-amino-butyric acid and serotonin were 2.7 and 1.2 times higher, respectively, under the inhibition of nicotine metabolism.
Discussion: These results demonstrated that inhibiting nicotine metabolism in rats can enhance the residence of brain nicotine and its local neurotransmitter effects. The metabolic activity of nicotine under different physiological conditions could regulate nicotine’s bioavailability and its resulting pharmacology.
Keywords: nicotine, neurotransmitters, brain metabolism, online-microdialysis, UHPLC-HRMS/MS
1 INTRODUCTION
Nicotine (Nic) is a principal bioactive ingredient in cigarettes and the component most associated with tobacco dependence (Tanner et al., 2015; Xiao et al., 2020). The development and persistence of tobacco dependence are due to the reward effect produced by activating nicotine acetylcholine receptors (nAChRs) in the mesolimbic reward circuitry (Tapper et al., 2004; Changeux, 2010; Henderson et al., 2017; Chen et al., 2022). In addition to its strong addictive potential, extensive studies showed that Nic is a potential drug for the amelioration of ulcerative colitis, Alzheimer’s disease, and Parkinson’s disease (Quik et al., 2012; Quik et al., 2012). A rapid elevation of Nic in the brain may be the first choice for the treatment of Nic dependence; however, for the amelioration of Alzheimer’s disease and Parkinson’s disease, maintaining an effective Nic level in the brain for a long time may be a better approach (Alsharari et al., 2014). The bioavailability and pharmacokinetics of Nic were found to be affected by its molecular form and metabolic enzyme activity (Hwa Jung et al., 2001). The multiple physiological effects of Nic are mainly because Nic can potently regulates the release of neurochemicals and even the metabolism of neurotransmitters, including dopamine (DA), γ-amino-butyric acid (GABA), glutamate (Glu), serotonin (5-HT), and acetylcholine (Ach), within various mesocorticolimbic structures, such as the ventral tegmental area (VTA), nucleus accumbens (NAc), and prefrontal cortex (Grieder et al., 2019; Vivekanandarajah et al., 2019; Jadzic et al., 2021; Nguyen et al., 2021; Pietilä et al., 1996). Therefore, investigating the release information of neurotransmitters in the brain during Nic exposure is an effective approach to studying the multiple effects of Nic.
The local biodegradation and metabolic process of Nic is an important determinant of its exposure in the brain. Even though peripheral analysis of Nic and its metabolites by the more sensitive method HPLC-MS have been studied extensively in biological fluids, the metabolism of Nic in the central nervous system (CNS) has been given little attention (Rangiah et al., 2011; Piller et al., 2014; Mao et al., 2015). Similar to peripheral system in the liver and blood, Nic has been confirmed to be oxidized, N-demethylated, and hydroxylated in the CNS (Xu et al., 2019), which generates cotinine (Cot), nicotine-N-oxide (NNO), nornicotine (NNic), norcotinine (NCot), trans-3′-hydroxy-cotinine (OH-Cot), 4-oxo-4-(3-pyridyl)-butanoic acid (OxPyBut), and 4-hydroxy-4-(3-pyridyl)-butanoic acid (HyPyBut). Several studies showed that some Nic metabolites also have pharmacological activity and may contribute to the multiple effects of Nic exposure. For example, the main metabolite Cot, which acts as a weak agonist of nAChRs, was considered to actively regulate the cholinergic, DAergic, and 5-HTergic systems, and promote synaptic plasticity and stress resilience (Mendoza et al., 2018; Oliveros-Matus et al., 2020). Other studies have shown that regulation of the Nic metabolism changed its bioavailability and pharmacology. Inhibition of mouse CYP2A5 increased the bioavailability of Nic and prolonged the duration of analgesia and hypothermia induced by Nic (Alsharari et al., 2014). Furthermore, in rats and monkeys, continuous treatment with Nic increased the levels of the Nic metabolizing enzyme CYP2B in the cerebrum, which decreased brain Nic levels, altered the reinforcing effects, and thereby increased withdrawal symptoms (Garcia et al., 2015). However, it is unknown how the changes of physiological effects caused by different brain Nic levels were clearly related to the release of neurotransmitters. Therefore, it is necessary to synchronously investigate the brain distribution, metabolic characteristics, and the related neurotransmitter effects resulting from Nic exposure in the CNS.
Synchronous investigation of brain Nic pharmacokinetics and the related local changes of neurotransmitters have been given little attention due to the difficulty of obtaining the brain samples in vivo and a lack of effective detection methods. The greatest obstacle is that the different polarity, unstable chemical properties, and low concentration in biological matrices hinders the quantitative determination of most neurotransmitters and some Nic metabolites (Jha et al., 2018; Olesti et al., 2019; El-Sherbeni et al., 2020; Zhou et al., 2020). Microdialysis coupled with analytical techniques such as HPLC-MS/MS has become a workhorse and a state-of-the-art technique to assess the in vivo changes of extracellular compounds, and has been applied extensively in neuroscience, pharmacokinetics, and pharmacodynamics (Nandi and Lunte, 2009; Zestos et al., 2019; Shi et al., 2014). However, the off-line microdialysis based analytical systems still suffer from some drawbacks, such as unexpected contamination, evaporation, or degradation of the analytes during sample storage and transfer. Online analysis is a better alternative that largely circumvents these problems (Wang et al., 2015). The direct coupling of microdialysis with HPLC-MS/MS enables the integration of in vivo minimally invasive sampling with high temporal resolution analysis for continuous monitoring of drug pharmacological effects. Meanwhile, derivatization regents such as benzoyl chloride, N-Boc-l-tryptophan hydroxysuccinimide ester, and (5-N-succinimidoxy-5-oxopentyl) triphenylphosphonium bromide have been employed to improve the separations and increase the detection sensitivity of neurotransmitter by LC-MS (Song et al., 2012; Greco et al., 2013; Zhang et al., 2014). Here, a precolumn “one-step” derivatization-based online microdialysis coupled with ultra-high performance liquid chromatography-high resolution tandem mass spectrometry (UHPLC-HRMS/MS) was developed, which integrated the in vivo sampling with online injection for the simultaneous detection of Nic metabolites and several neurochemicals. Relevant information on brain Nic pharmacokinetics and neurotransmitter release was effectively obtained in different rat models (i.e., normal group and enzyme inhibition group), which provided an in-depth understanding of Nic neuropharmacology under different physiological conditions.
2 MATERIALS AND METHODS
2.1 Chemicals and materials
Nicotine and its metabolites standards were purchased from Toronto Research Chemicals (North York, Canada) (−) nicotine (Nic), (−) cotinine (Cot), (R, S)- nornicotine (NNic), (R, S)-norcotinine (NCot), trans-3′-hydroxycotinine (OH-Cot), (1′S, 2′S)-nicotine-1′-oxide (NNO), (S)-cotinine-N-oxide (CNO), 4-oxo-4-(3-pyridyl)-butanoic acid (OxPyBut), 4-hydroxy-4-(3-pyridyl)-butanoic acid (HyPyBut), (1′S, 2′S)-nicotine-1′-oxide-d3 (NNO-d3), and (R, S)- nornicotine-d4 (NNic-d4). Dopamine hydrochloride (DA), 3,4-dihydrophenylacetic acid (DOPAC), homovanillic acid (HVA), serotonin hydrogenoxalate (5-HT), 5-hydroxyindole-3-acetic acid (5-HIAA), γ-amino-butyric acid (GABA), glutamate (Glu), and Acetylcholine chloride (Ach) were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise noted. Distilled deionized water (>18.2 MΩ cm-1 at 25 °C) was obtained from Thermo Scientific GenPure (Thermo-Fisher Scientific, Stockland, Niederelbert, Germany). Isoflurane was purchased from RWD Life Science Co., Ltd. (Shenzhen, China).
The stock solution of 10 g L-1 Nic and its metabolites were prepared by HPLC grade acetonitrile. 5 g L-1 DA, DOPAC, HVA, 5-HT, 5-HIAA, GABA, Glu, and Ach were prepared with acetonitrile-water 1:1 (v/v) with 1% hydrochloric acid to preserve the stability of neurotransmitters (Saracino et al., 2015; Tufi et al., 2015). The intermediate solution of Nic and its metabolites and neurotransmitters (1 g L-1) were diluted by acetonitrile, respectively. The stock solution and intermediate solution were kept at −80 °C. The series of gradient mixture standard working solutions (0.1, 0.5, 1, 5, 10, 25, 100, 500 μg L-1) and the quality control (5, 25, 100 μg L-1) samples were further prepared using Ringer’s solution (147 mM Na+; 2.2 mM Ca2+; 4 mM K+; pH 7.0, Shanghai yuanye Bio-Technology Co., Ltd.) and stored at −20°C.
2.2 Animal and treatment
SPF-grade male Sprague Dawley (SD) rats (220 ± 20) g were purchased from Henan Huaxing Experimental Animal Center (License number SCXY(Yu) 20190002, Zhengzhou, China). All rats were housed under a stable condition with ad libitum access to food and water under a 12 h light-dark cycle. Animal studies and experimental procedures were all strictly conducted under the condition of permission and supervision.
To inhibit the main Nic metabolic enzyme CYP2B in the brain, rats received intraperitoneal injections of proadifen (50 mg kg−1·day−1, 4 d) (Song et al., 2012). Control animals were pretreated with saline using the same protocol. All the rats were sacrificed by cardiac perfusion after microdialysis sampling. The brain tissues were separated and divided into four parts (cerebrum, cerebellum, diencephalon, and brainstem). The CYP2B activity in different rat brain regions was determined following the instructions of the GENMED CYP2B1 activity fluorescence quantitative detection kit (GENMED SCIENTIFICS INC. U.S.A, GMS18019.1).
2.3 Microdialysis sampling
Anesthesia was induced with 3% isoflurane in an induction chamber before surgical procedures and was placed in a stereotaxic frame equipped with a rat ear and bite bar. Rat was maintained under anesthesia with 1%–2% isoflurane during operation procedures. And the cranium above the ventral striatum (coordinates relative to bregma: anterior/posterior (AP), +1.2 mm; medial/lateral (ML), −2.4 mm; dorsal/ventral (DV), −6.0 mm) or NAc (coordinates relative to bregma: anterior/posterior (AP), +1.7 mm; medial/lateral (ML), −1.5 mm; dorsal/ventral (DV), −6.5 mm) was exposed to implant the probe guide-cannula (CMA/12), two screws were implanted into the skull to serve as an anchor and dental cement was used as an adhesive to fixed the probe guide-cannula. To avoid the interference of neurotransmitter changes due to physical stimulation of pain receptors during intraperitoneal injection of Nic, Nic was injected with the aid of an administration catheter (Instech, BTPU-040, 6.35 × 10.16 mm, America), which was implanted in the abdomen, the other end of the catheter was passed under the skin and sent to the back and sealed with a plug (Instech, PNP3M-F22R, America). The rats were housed individually and allowed to recover from surgery for at least 24 h.
For in vivo microdialysis sampling, the probe (CMA/12 Elite, membrane parameters: polyarylethersulfone material; 2 mm length; φ 0.5 mm; 20 kDa cut-off) was inserted into the brain through the cannula. After implantation, the probe was perfused with Ringer’s solution by the syringe pump (CMA/402, piston propulsion speed: 2.4 μm·min-1–1.2 mm min-1; velocity range: 0.1 μL·min-1–20 μL min-1; precision: −1.5%-1.5%) at fixed flow rates (1.5 μL min-1), and the dialysates were analyzed under the optimized UHPLC-HRMS/MS condition directly. Intraperitoneal administration of 2 mg kg-1 Nic was performed until stable levels of neurotransmitters were obtained, which was defined as the mean value of neurotransmitter concentrations in six consecutive samples varied by no more than 10%.
2.4 Chromatographic conditions and mass spectrometry settings
UHPLC-HRMS/MS system was performed on Dionex Ultimate 3000 UHPLC equipped with a Q-Exactive mass spectrometer and electrospray ionization (ESI) interface (Thermo Fisher Scientific, Germany). Chromatographic separation was achieved by the pentafluorophenyl phase column (Discovery® HS F5-3 column, 2.1 × 150 mm, 3 μm) with linear binary gradient elution, at a flow rate of 0.5 mL min-1. Eluent A was 10 mM ammonium acetate with FA (0.1%, v/v) dissolved in water, and eluent B was acetonitrile with 0.1% FA (v/v). The gradient elution was started at 10% B and kept for 1 min, then linearly increased to 45% B over 2 min. From 3 to 6 min, a linear gradient was applied from 45% to 75% B and then return linearly to the initial condition at 9 min and the column was allowed to equilibrate for 1 min.
The mass spectrometer was operated in positive ionization mode. The optimized mass spectrometer parameters were as follows: a resolution of 35000; automatic gain control (AGC) target was 2.0 e5; maximum injection time (IT) was 100 m; 3.5 kV for spray voltage; ion transfer tube temperature, 350°C; S-Lens RF level, 60%. The isolation window of the precursor ions was done using a quadrupole with an isolation window of m/z 1. The normalized collision energy was set at 10%. Analytes were determined by a parallel reaction monitoring (PRM) method by acquiring two transitions for each compound. The most specific transition was selected for the quantitative purpose. All data were gathered and analyzed using Xcalibur 2.2 software (Thermo Fisher Scientific, Germany).
3 RESULTS
3.1 Establishing the method for in vivo sampling and simultaneous online detection
In order to improve the response of several monoamine derivatives and reduce the differences in properties between Nic metabolites and certain neurotransmitters, we modified the conventional microdialysis system by adding a Y-shaped in-house binary static mixer at the outlet of the microdialysis probe to combine the derivatization reagent with dialysate online. The multi-step derivatization reaction condition reported in the literature (Wong et al., 2016) was modified to complete the reaction in one step, which was necessary to realize the in-situ derivatization system. The derivatization reagent was composed of 100 mM sodium carbonate and benzoyl chloride (10% (v/v) in acetonitrile) at 3:1 (v/v), and the pH was adjusted to 9.2 with sodium hydroxide. The system consisted of two syringe pumps for supplying Ringer’s solution at a flow rate of 1.5 μL min-1 and the derivatization reagent at a flow rate of 0.5 μL min-1, respectively. The derivatized extracellular fluid from microdialysis was introduced into the UHPLC-HRMS/MS system through an online injector (six-port injection valve) to realize the direct analysis, which minimized the possible contamination and degradation during sample storage and transfer. Specifically, port 1 was used to sample the derivatized dialysate, and port 3 and port 6 were connected through a 20 μL quantitative loop for loading the sample (Figure 1). The mobile phase was pumped into port 5, and port 4 was connected to the chromatographic separation column. The injection time difference between run 1 and run 2 was the separation time of run 1; that is, the solid line in the diagram represents the loading state lasting 10 min, and the dashed lines indicate the injection state for 0.2 min, so that as soon as run 1 ended, run 2 began immediately, and this cycle was repeated to obtain uninterrupted in vivo data.
[image: Figure 1]FIGURE 1 | Schematic diagram of the precolumn derivatization online microdialysis UHPLC-HRMS/MS system.
Despite the high specificity of the HRMS/MS detector, the electrospray ionization technique is susceptible to interference by co-eluting compounds; therefore, suitable chromatographic separation and an appropriate retention time were essential to improve the quantitative accuracy. To achieve better separation and sharper peaks of analytes in a short time, different chromatographic columns, mobile phases (acetonitrile-H2O, methanol-H2O), and salt concentrations were investigated. The final test results indicated that the pentafluorophenyl phase column was the best choice; that 0.1% formic acid should be added to both phases to provide an acidic environment; and that 10 mM ammonium formate was helpful for improving the peak shape. The gradient elution program was adjusted so that the target compounds were well separated from 2 min to 9 min (Figure 2), and the chromatographic column can completely return to the initial pressure at 10 min for the next online injection. The suitable separation conditions and the matched temporal resolution of microdialysis sampling provided an advantage for correlating the relationship between Nic metabolism and its neurochemical effects.
[image: Figure 2]FIGURE 2 | Representative PRM chromatograms of target analytes.
Among the selected compounds, NNic, NCot, OH-Cot, and several neurotransmitters were benzoylated. For the best ion response, MS parameters, including the spray voltage, capillary temperature, vaporizer temperature, sheath gas, auxiliary gas, and S-lens RF level were manually tuned. PRM mode was used to provide the highest specificity and sensitivity. The mass accuracy between theoretical and experimental masses of all analytes was less than 2 ppm (Table 1). Based on the good separation ability of the UHPLC column and high accuracy of the Q-Orbitrap HRMS, the high selectivity of the method was guaranteed.
TABLE 1 | Accurate mass and PRM parameters of the analytes.
[image: Table 1]3.2 Method validation
NNic-d4 and NNO-d3 were added to the perfusate and used as internal standards after retrodialysis for derivatized and non-derivatized products, respectively, which eliminated the minor errors caused by instrument analysis and corrected the small deviation of the dialysis rate between samples during the long sampling process of microdialysis. The instrument analytical performance was investigated in terms of linearity, precision and accuracy, limit of detection (LOD), and limit of quantification (LOQ) under the optimized conditions. The developed method had a wide range for the Nic metabolites and neurotransmitters with the coefficient of determination (R2) higher than 0.9935 for all analytes. The LOD and LOQ were from 0.003 to 1.0 μg L-1 (S/N = 3) and from 0.01 to 2.5 μg L-1 (S/N = 10), respectively. The intra-day precision and accuracy ranged from 1.7% to 8.4% and −2.6% to 6.5%, respectively (Table 2). All these results were within the acceptable criteria, indicating that the established method was reliable and suitable for the simultaneous analysis of Nic metabolites and neurotransmitters in microdialysis samples.
TABLE 2 | Linearity, accuracy, precision, limits of detection (LODs) and microdialysis recoveries for target analytes.
[image: Table 2]3.3 Determination of Nic metabolites and neurochemicals in rat brain
To demonstrate the utility of the method in monitoring the low concentration analytes in the dialysates, rats were exposed to Nic by single intraperitoneal injection (2 mg kg-1, i. p.), and the brain samples from the ventral striatum were analyzed as extracted ion chromatograms. All the expected Nic metabolites in the dialysate were detected, and NCot was only detected in a few periods. The extracted ion chromatograms of Nic metabolites and classical neurotransmitters are shown in Supplementary Figure S1. In addition, another six amino acids (aspartic acid, glycine, glutamine, histidine, taurine, and serine) were incidentally extracted, which were confirmed by the precise molecular weight of the derivatized product (238.0710, 180.0655, 251.1026, 260.1029, 230.0482, and 314.1023, respectively) and benzoyl fragment (m/z 105.0338) (Supplementary Figure S2). These results suggested that the developed precolumn derivatization-based online microdialysis coupled with UHPLC-HRMS/MS was not just a proof-of-principle study. It not only fulfilled the need to investigate the release of neurotransmitters during Nic metabolism, but simultaneously also monitored the changes of other neurochemicals, which may shed more light on the neurobiological mechanisms underlying behavioral changes induced by Nic exposure.
We further investigated the time course curves of Nic metabolites and monoamine neurotransmitters in rat striatum after administration of Nic (2 mg kg-1, i. p.) (Supplementary Figure S3). The results showed that the most abundant Nic metabolites in rat striatum were Cot, NNO, and NNic, and the brain metabolic process of Nic was similar to that in the peripheral system. The rapid distribution of Nic in the brain induced a high intensity release of monoamine neurotransmitters. After 3 h of Nic exposure, the average levels of DA and its metabolites DOPAC and HVA, and 5-HT and its metabolite 5-HIAA were 25.1, 99.2, 169.8, 45.9, and 234.4 μg L-1, respectively. It is worth noting that the levels of DA and 5-HT were lower than their metabolites, which showed that neurotransmitters were rapidly metabolized or absorbed after being released into the synaptic space.
3.4 Effect of proadifen pretreatment on the metabolism of Nic in rat brain
CYP2B1, which corresponds to human CYP2B6, plays a major role in the metabolism of Nic in rat (Hammond et al., 1991; Al Koudsi and Tyndale, 2010). Previous studies using rats confirmed that alternating brain CYP2B activity influenced brain Nic levels and Nic-mediated behaviors (Garcia et al., 2015; Garcia et al., 2017). To investigate the effect of CYP2B inhibition on Nic biotransformation and neurotransmitter release in rat brains, another group of rats was pretreated with proadifen (50 mg kg-1·d-1, i. p., 4 days) in our research. Compared with the saline-pretreated control group, the activities of CYP2B1 were inhibited in different brain tissues, including the cerebrum, cerebellum, diencephalon, and brainstem (Figure 3). The whole brain CYP2B1 activity decreased by 36.9% on average after proadifen treatment. The brain concentration–time profiles of Nic and its main metabolites Cot, NNO, and NNic were generated using the mean concentration levels of each time bin (Figure 4), and the pharmacokinetic parameters of each analyte estimated by the two-compartmental model are listed in Table 3. The concentration of Nic increased rapidly after intraperitoneal injection and then gradually declined. By 360 min, Nic was almost completely cleared from the rat brain. There was no difference in the tmax of Nic between the proadifen-pretreated rats and the saline-pretreated group. However, the levels of Nic in the proadifen-pretreated rats were consistently higher than those of the saline group between tmax to 360 min. The Cmax of Nic in the proadifen group was as high as 1221 μg L-1, which was 1.26 times higher than that in the saline group. The greater t1/2 and mean residence time (MRT) values indicated a slower elimination, which could also be explained by the increase of the area under the curve (AUC) and was consistent with Tyndale’s study. Compared with the control rats exposed to Nic, the Cmax of NNic and NNO decreased by 85.3% and 65.6% after CYP2B1 inhibition, respectively.
[image: Figure 3]FIGURE 3 | The activities of CYP2B1 in different parts of brain tissue (data are expressed as mean ± SD from three rats). Significant differences were determined by two-way ANOVA and Tukey’s post-hoc test. ***p < 0.001, **p < 0.01.
[image: Figure 4]FIGURE 4 | Time-course curves of Nic (A), Cot (B), NNic (C), and NNO (D) in rat brain after administration of Nic (2 mg kg-1, i. p.) (Each point was expressed as mean ± SD from three rats).
TABLE 3 | Estimated pharmacokinetic parameters for Nic and its main metabolites from rat NAc treated with single injection of Nic (2 mg kg-1, ip).
[image: Table 3]3.5 The release of neurotransmitters in the NAc under the regulation of Nic metabolism
To eliminate the differences in neurotransmitter levels between each rat, the changes of all neurotransmitter levels were expressed as the relative values of neurotransmitter concentrations for each time bin to baseline values before Nic exposure. Nic yielded a series of complex changes in the classical neurochemicals in the NAc (Figure 5A). It induced an increase in baseline levels of DA, Glu and Ach (Figures 5B–D), but caused almost the opposite change in the inhibitory neurotransmitter GABA (Figure 5E). The peak concentration of the DA metabolites DOPAC and HVA reached nearly 290% and 270% in the saline group, and 340% and 330% of the baseline in the proadifen pretreated group after Nic stimulation (Figures 5F, G), respectively. The peak level of Ach after Nic injection was almost doubled of its baseline levels, but proadifen inhibition did not further increased it. The level of GABA in the proadifen group was 2.7 times higher than that in the saline group on average. The trend of the DA curve appeared to mirror the concentration-time curve of Nic, and the concentration of Nic and DA release was positively correlated (Figure 5H). The levels of 5-HT and its metabolite 5-HIAA in the rat NAc first increased and then decreased slowly after Nic exposure. The Cmax of 5-HT and 5-HIAA were almost 390% and 240% of baseline in the proadifen pretreatment group, respectively (Figures 5I, J).
[image: Figure 5]FIGURE 5 | (A) The heat map shows all changes of neurotransmitters, where the colors correlated with the changes expressed as percentage of baseline. Time course of Nic exposure evoked DA (B), Glu (C), Ach (D), GABA (E), DOPAC (F), HVA (H), 5-HT (I), and 5-HIAA (J) release in the NAc, data were expressed as % of basal release. (Each point was expressed as mean ± SD from three rats) (G) Scatter plot of Nic concentration and DA release level.
4 DISCUSSION
As a major reinforcing ingredient of tobacco products that is responsible for addiction in smokers, Nic has multiple and complex effects, such as reward, analgesia, and an improvement in mood or cognitive function. All these effects stem from the presence of Nic in the brain, which triggers a cascade of downstream signaling events by binding to nAChRs, and mainly modulates multiple neurotransmitter systems. The continual neuropharmacological effects of Nic are closely related to the brain tissue distribution and the body’s metabolic ability. However, information on the detailed neurotransmitter release induced by Nic during its metabolic process has rarely been reported, which is an obstacle to comprehensively elucidating its complex physiological effects. Even though the peripheral pharmacokinetics of Nic have been extensively studied, these studies cannot truly reflect the local biotransformation of Nic in the brain. Therefore, it is necessary to synchronously investigate the brain disposition, metabolic characteristics, and the related neurotransmitter effects resulting from Nic exposure in the CNS.
Synchronous investigation of brain Nic pharmacokinetics and the changes of various neurotransmitters has been given little attention because of the difficulty of continuously obtaining the brain samples in vivo and the lack of an effective detection method. The local biotransformation of Nic in the brain has been studied in our recent work, and approximately 10 Nic metabolites have been determined by brain microdialysis coupled with UHPLC-HRMS/MS (Xu et al., 2019). Many assays for the detection of classic neurotransmitters from brain samples have been developed, such as electrochemical detection, HPLC-fluorescence detection, and HPLC-MS. Although continuously obtaining the animal brain samples in vivo could be solved by microdialysis techniques, simultaneously determining Nic metabolites and various neurotransmitters using HPLC-MS/MS is challenged by the disparate polarity of the molecules, trace levels in the brain, and the extremely unstable chemical properties of some neurotransmitters (Nandi and Lunte, 2009; Jha et al., 2018; Olesti et al., 2019; Zhou et al., 2020). In this work, precolumn derivatization-based online microdialysis coupled with UHPLC-HRMS/MS was successfully developed to monitor the changes of Nic metabolites and several neurochemicals. This achieved minimally invasive continuous sampling of awake animals and avoided degradation and contamination caused by sample preservation and transfer. Using this approach, Nic and its metabolites, five monoamine neurotransmitters, and eight amino acids were simultaneously obtained in rat striatum dialysate following Nic peripheral exposure (2 mg kg-1, i. p.). Compared with the G-protein coupled receptor-based sensors for imaging neurochemicals developed by Li et al. and in vivo enzymatic electrochemical biosensors for in situ neurochemical measurements in recent years (Liu et al., 2017; Jing et al., 2019; Pan et al., 2020; Sun et al., 2020), although the temporal resolution based on our analysis was poor, it allowed us to achieve long-term and simultaneous monitoring of several compounds, including neurotransmitters. It is not possible with these other novel technologies to investigate the metabolic effects of Nic on multiple neurotransmitter systems.
Variations in both the levels of Nic in the brain (via Nic metabolizing enzymes) and the brain response to Nic (via nAChRs binding) may influence the multiple pharmacological properties of Nic. To investigate the effect of the Nic metabolic rate on neurotransmitter release in the NAc, which is innervated by DAergic neurons of the mesolimbic reward system, rats were pretreated with proadifen, and the CYP2B activity in the brain decreased by 36.9% compared with the saline group. The N-demethylation and N-oxidation metabolic pathways of Nic were measurably downregulated in the brain compared to the saline-treated control, and the Cmax and AUC of the C-oxidation product Cot were lower in the saline and proadifen group, indicating that CYP2B plays a key role in the N-demethylated and N-oxidated biotransformation of Nic in the rat NAc. In addition, proadifen pretreatment showed no effect on the tmax of Nic, which indicated that inhibition of CYP2B did not affect the rate of Nic entry into the brain, as studies have shown that the absorption rate of Nic largely depends on the molecular forms of Nic (Hukkanen et al., 2005).
The release and regulation of neurotransmitters between hundreds of millions of neurons play a vital role in maintaining normal physiological functions of the body. Much evidence has indicated that Nic binds to α4β2 and α7 nAChRs located on DAergic, glutamatergic, and GABAergic neurons in the mesolimbic DA system, which is responsible for the increase in extracellular DA in the NAc (Xi et al., 2009), but as a strong agonist of nAChRs, it is little known about the effects on extracellular Ach release in the NAc. We found that acute Nic treatment affects the release and metabolism of DA in rat NAc. The levels of DA and its metabolites, such as DOPAC and HVA, were elevated, which was consistent with Pietilä’s results that DOPAC and HVA were significantly increased and 3-MT was decreased after acute Nic administration in striatum (Pietilä et al., 1996). The level of DA in the rat NAc increased after intraperitoneal injection of Nic, and the level of DA metabolites, DOPAC and HVA, were higher than DA, which confirmed that DA was rapidly metabolized after release into the synaptic cleft. The higher concentration of Nic after proadifen inhibition enhanced the spike of DAergic neurons in the VTA, which thereby increased the release of excitatory neurotransmitters in the NAc. Like Nic, Ach is also involved and binds with nAChRs. However, little knowledge about the effects of Nic on extracellular Ach release in the NAc. The basal forebrain contains large number of acetylcholinergic neurons, and the NAc is mainly composed of GABAergic neurons. However, we found that after Nic stimulation, Ach in the NAc also increased sharply, this may be due to the regulation of NAc by cholinergic neurons in the prefrontal cortex (Cooper and Henderson, 2020), and some research has reported that Ach in the NAc is associated with aversive states and satiation (Rada et al., 2001; Hoebel et al., 2007). In addition, Nic acted on the nAChRs on GABAergic neurons in NAc, and nAChRs were desensitized by the high Nic concentration, which decreased the GABAergic effects on DAergic neurons, resulting in the disinhibition of DA neurons (Grieder et al., 2019; Cooper., et al., 2020). These results also speak to the previous report that DAergic neurons in the VTA project to GABAergic and cholinergic interneurons in the NAc, which together with glutamatergic projections from the prefrontal cortex provide a complex regulatory network with multiple effects of Nic (Morozova et al., 2020). Studies have shown that compared with smokers with a normal Nic metabolism ability, individuals lacking full functional CYP2A6 were perceptibly protected against becoming tobacco-dependent smokers (Pianezza et al., 1998). Nic plus methoxsalen given orally inhibits the first-pass metabolism of Nic, and the combination directly reduces the desire to smoke (Sellers et al., 2000). These results indicated that the decrease of Nic metabolism caused by genetic or drug factors can alleviate dependence-related behaviors. Our present results extend these findings, demonstrating that the influence of inadequate Nic metabolism on related behaviors is due to the relatively high level and long residence of Nic in the brain that can trigger a more lasting release of neurotransmitters.
After inhibiting the metabolism of Nic, higher concentrations of Nic in the NAc continued to act on 5-HTergic neurons to exert an analgesic effect. This may be related to the anti-nociception properties of Nic confirmed by extensive and compelling studies that found that peripheral administration of methoxsalen for inhibiting mouse Nic metabolism dramatically prolonged the Nic-induced analgesic effect, which was confirmed by tail-flick and hot-plat tests. In addition, Shen et al. established a rat Nic withdrawal model and founded that after Nic discontinuation, the mechanical withdrawal threshold and thermal withdrawal latency of rats were notably reduced with the decreased level of 5-HT; however, intrathecal injection of 5-HT abolished these differences between the control and Nic withdrawal group (Shen et al., 2021). Based on these related behavioral phenomena reported previously and the results of our analysis, it was further indicated that 5-HTergic neurons may play a key role in the analgesic effect of Nic.
In conclusion, correlating the changes of neurotransmitters with brain Nic levels during its metabolic process in the body can provide more definitive evidence for comprehensively understanding the influence of Nic clearance on its neuropharmacological actions. Our results indicated that the precolumn derivatization-based online microdialysis coupled with a UHPLC-HRMS/MS system was an efficient and novel technique to synchronously monitor the brain Nic metabolism and neurochemical changes in freely-moving animals. After inhibition of the rat CYP2B activity, the brain Nic pharmacokinetics changed, and the higher concentration of Nic in the brain led to a further release of the excitatory neurotransmitter DA, as well as the release of the inhibitory neurotransmitter GABA, which may be one of the reasons why the high concentration of Nic would produce adverse effects. The increased 5-HT release further confirmed the previously reported phenomenon that the analgesic effect of Nic was prolonged after inhibiting Nic metabolism.
5 CONCLUSION
We developed a precolumn derivatization-based online microdialysis coupled with UHPLC-HRMS/MS method to achieve continuous sampling and simultaneous investigation of Nic metabolites and several neurochemicals in the brain. The usefulness of this platform was confirmed by monitoring the brain pharmacokinetic profiles of Nic and the associated time-dependent neurotransmitter release following peripheral Nic exposure. The N-demethylation and N-oxidation metabolic pathways of Nic were significantly declined in the brain with the inhibition of rat CYP2B activity, inducing the higher level and longer residence of Nic and the enhanced release of neurotransmitters in the NAc. These results indicated that the disposition and metabolism of Nic was an important determinant of its neurochemical effects in the specific brain regions. To our knowledge, it was the first time to synchronously obtain the cerebral Nic pharmacokinetics and the related changes of neurotransmitters regulated by Nic metabolism. The present study provides a fundamental basis for monitoring the brain metabolic profiles and pharmacodynamics of Nic when developing the Nic delivery systems, Nic replacement therapy, or studying the potential role of Nic in improving depression and other neurological diseases.
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The development of disease screening methods using biomedical detection dogs relies on the collection and analysis of body odors, particularly volatile organic compounds (VOCs) present in body fluids. To capture and analyze odors produced by the human body, numerous protocols and materials are used in forensics or medical studies. This paper provides an overview of sampling devices used to collect VOCs from sweat and exhaled air, for medical diagnostic purposes using canine olfaction and/or Gas Chromatography-Mass spectrometry (GC-MS). Canine olfaction and GC-MS are regarded as complementary tools, holding immense promise for detecting cancers and infectious diseases. However, existing literature lacks guidelines for selecting materials suitable for both canine olfaction and GC-MS. Hence, this review aims to address this gap and pave the way for efficient body odor sampling materials. The first section of the paper describes the materials utilized in training sniffing dogs, while the second section delves into the details of sampling devices and extraction techniques employed for exhaled air and sweat analysis using GC-MS. Finally, the paper proposes the development of an ideal sampling device tailored for detection purposes in the field of odorology. By bridging the knowledge gap, this study seeks to advance disease detection methodologies, harnessing the unique abilities of both dogs and GC-MS analysis in biomedical research.
Keywords: breath, sweat, VOC, canine olfaction, sampling devices, gas chromatography, mass spectrometry
1 INTRODUCTION
Human body odors are widely studied to develop non-invasive disease diagnosis methods. A plethora of reviews exist on the subject, encompassing biomedical detection dogs (Gordon et al., 2008; Moser and McCulloch, 2010a; Lippi and Cervellin, 2012a; Pirrone and Albertini, 2017a; Catala et al., 2019) and instrumental analysis (Ligor et al., 2008; Dormont et al., 2013; de Lacy Costello et al., 2014; Monteiro et al., 2014; Prada et al., 2014; Robinson et al., 2018; Lippi and Heaney, 2020; Chai and Chua, 2021; Sinclair et al., 2021). Additionally, alternative systems like electronic noses have emerged since the mid-1980s. These systems utilize sensors to detect disease-specific biomarkers, offering quick real-time preliminary diagnoses at a lower cost. One of their drawbacks is the lower level of sample discrimination (Wilson and Forse, 2023). Electronic nose systems are less portable than canine olfaction due to potential restrictions posed by power, weight, or space requirements (Wilson and Forse, 2023). Despite this, the use of the dog as a diagnostic tool has not yet been standardized nor validated by health organizations (Bauër et al., 2022a). Therefore, GC-MS is of great interest to identify diseases-specific VOCs, detected by dogs. It can be employed as a complementary tool to validate canine olfaction-based diagnosis methods and to understand how dogs discriminate sick from healthy humans.
The choice of the sampling material plays a critical role in training dogs to recognize a specific pattern of volatile biomarkers. To effectively present the material to the dog, it must be appropriately sized and contained, such as a cloth, cotton gauze, swab, or a facemask capable of absorbing VOCs. The detection of precise odors can be challenging due to the variability in samples and the environment. Therefore, selecting an appropriate material that can collect and diffuse odors efficiently can greatly facilitate the dog’s sniffing process, leading to more accurate results during detection exercises.
In the context of instrumental analysis using GC-MS for VOCs detection, it is essential to extract the VOCs from the sampling material and inject them into the analytical system. This paper focuses on discussing specific devices based on adsorbent polymers designed for training detection dogs. Among these devices, the most suitable ones are those that are both dog-compatible and can be directly used with GC-MS systems through thermal desorption, as illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart (created in BioRender.com) illustrating the process for human VOCs sampling, extraction, and analysis by canine olfaction and GC-MS; GC-MS: Gas Chromatography coupled to Mass Spectrometry, SPME: Solid Phase Micro-Extraction, SBSE: Stir Bars Sorptive Extraction.
In addition to the medical context, sniffing dogs find extensive application in forensics. Standardized protocols are used to train these dogs for explosives or illicit substance detection and criminal suspect identification (Lorenzo et al., 2003). Commonly, hands and feet serve as the VOCs sources for suspect identification, and gauze is often employed for sweat sampling (Cuzuel et al., 2017). Notably, The Scent Transfer Unit or STU100 (odor suction tool) plays a pivotal role in concentrating odors on gauze within this context (Curran et al., 2010a; Degreeff and Furton, 2011). This unit comprises a vacuum pump that actively samples VOCs emitted from any object onto a gauze.
The National Institute of Science and Technology (NIST) has developed a polymer-based adsorption canine training device made of polydimethylsiloxane (PDMS). This device, safe for the dog (non-toxic, non-infectious) (MacCrehan et al., 2020), has been employed in training dogs for explosive detection (MacCrehan et al., 2018a; Simon et al., 2021). Additionally, Getxent® tubes (Biodesiv, France), consisting of a patented adsorbent polymer, have been developed for detection dog training and are utilized in forensics (Simon, 2022).
This comprehensive bibliographic study delves into a thorough examination of the methodologies utilized for comprehending diverse techniques of odor capture. Specifically, the study focuses on canine olfaction and/or Gas Chromatography-Mass Spectrometry (GC-MS) systems within the context of medical odor analysis. By delving into the intricacies of these methodologies, this study aims to shed light on the intricate processes involved in capturing odors, thereby contributing to the advancement of our understanding in the field.
2 MATERIALS AND METHODS
2.1 Literature search
In adherence to the widely recognized Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards, our search was conducted independently on both Pubmed and Web of Science. PRISMA is the most commonly utilized method for systematic reviews ((Moher et al., 2022).
2.1.1 Canine olfaction
In this study, the research is focused on the different scent collection devices related to the analysis of gaseous non-invasive materials: exhaled air, and sweat/body odor, in a medical context. The subsequent sequence is researched in Web of Science and PubMed databases: ((dog)OR(canine)) AND ((odor)OR(odour)OR(smell)OR(sniff)OR(volatile organic compounds)OR(volatile)) AND ((breath)OR(exhaled air)OR(sweat)) AND ((diagnosis)OR(disease)OR(medical)) AND ((human)OR(patient)OR(subject)). Studies have been selected without date restrictions until March 2023.
2.1.2 GC-MS analysis
The subsequent sequence was researched in Web of Sciences and PubMed databases: ((GC-MS) OR (gas chromatography) OR (volatolomics)) AND ((odor) OR (odour) OR (volatile organic compounds) OR (volatile)) AND ((breath) OR (exhaled air) OR (sweat) OR (body odor)) AND ((diagnosis) OR (disease) OR (medical)) AND ((human) OR (patient) OR (subject)). Studies have been selected without date restrictions until March 2023.
2.2 Study selection and eligibility criteria
Following the PRISMA standards, data obtained from the independent searches on Pubmed and Web of Science were consolidated into a worksheet file, incorporating essential details such as DOI number, title, publication year, authors, journal, and abstracts. For canine olfaction, the initial search yielded a total of 201 records, with 88 from PubMed and 113 from Web of Science. After a comprehensive evaluation of 201 full-text papers, 163 were excluded based on relevance, resulting in the inclusion of 38 papers in the final systematic review. For GC-MS analysis, a total of 197 papers were included with initially 821 articles from Pubmed and 823 from Web of Science. After the removal of duplicates, the remaining titles and abstracts were carefully reviewed to identify studies relevant to the topic. To ensure thoroughness, two researchers (L.M. and D.S.) independently assessed the studies, resolving any discrepancies through discussion. Articles were considered if they featured a dedicated “material and methods” section that comprehensively delineated the protocol employed for sampling VOCs. A prerequisite was the presence of at least one sampling material being explicitly cited. Furthermore, the study took into account reviews and patents. Importantly, no differentiation was made based on the level of pathologies, ensuring a broad and inclusive scope. Conversely, articles were excluded if they lacked pertinent information concerning VOCs sampling. Additionally, no in vivo studies were included (Figure 2). To ensure a comprehensive overview, reference lists of the included articles were also screened based on their titles and abstracts, enabling the inclusion of further pertinent articles.
[image: Figure 2]FIGURE 2 | PRISMA flow-chart for canine olfaction and GC-MS analysis.
2.3 Data extraction
The relevant data were extracted from the selected studies. Standardized tables were designed to abstract the studies of interest. Table 1 highlights instances where PDMS-based sampling devices are employed to capture volatile compounds for medical odor analysis. Table 2 showcases practical scenarios demonstrating the use of fabric-based techniques to capture volatile compounds, contributing to odor analysis. In Table 3, various extraction techniques post-sample collection are illustrated, vital for isolating volatile compounds for subsequent analysis.
TABLE 1 | Application examples of PDMS-based sampling devices.
[image: Table 1]TABLE 2 | Application examples of sampling protocols using fabrics.
[image: Table 2]TABLE 3 | Application examples of extraction techniques after sample collection.
[image: Table 3]In the Supplementary Table S1, a detailed breakdown of sweat analysis using Gas Chromatography-Mass Spectrometry (GC-MS) is provided. Supplementary Table S2 outlines diverse extraction methods for Gas Chromatography-Mass Spectrometry (GC-MS) analysis of breath samples collected. Supplementary Table S3 offers a comprehensive comparison of odor capture systems, applicable to canine olfaction studies and Gas Chromatography-Mass Spectrometry (GC-MS) analysis.
3 RESULTS
3.1 Canine olfaction
In 1989, a first study suggested the potential of dogs to diagnose cancer (Williams and Pembroke, 1989). Over the next 2 decades, the interest in this area grew exponentially, as evidenced by Moser et al.’s review in 2010, which identified 531 publications on cancer detection by dogs (Moser and McCulloch, 2010a). Among the various reviews (Moser and McCulloch, 2010b; Lippi and Cervellin, 2012b; Guest et al., 2019; Jendrny et al., 2021a), Jendrny et al.’s recent review (Jendrny et al., 2021a) stands out as it followed strict selection criteria including peer-reviewed studies with reported detection rate and the diagnostic accuracy (sensitivity/specificity) of the diseases under investigation. From the pool of studies, they focused on studies, with a substantial overlap between the selection made by Pirrone et al. (Pirrone and Albertini, 2017b) (17 selected publications) and by Moser et al. (Moser and McCulloch, 2010a) (6 publications retained out of 531). Two key aspects were highlighted in the selected studies: the diseases studied and sampling sources. Notably, odor detection by dogs was predominantly explored for hypoglycemia (25%), epilepsy (10%), and prostate cancer (10%). The primary non-invasive matrices studied included urine (20% of publications), sweat (10%), breath and sweat together (10%), and feces (10%) (Jendrny et al., 2021b). However, this review does not delve into the VOCs sampling from urine, leaving it to be explored in future studies.
3.1.1 Human sweat capture for disease detection by dogs
In the realm of disease detection, an intriguing focus emerges in Section 3.1.1, where we delve into the captivating domain of human sweat capture for canine olfaction. In the case of malaria diagnosis by detection dogs, researchers conducted a randomized and blinded study where children wore socks overnight before being presented to the dogs (Guest et al., 2019). Encouraging results were obtained from the analysis of 175 samples, with detection dogs showing a sensitivity of 72% and a specificity of 91%. For hypoglycemia detection, sniffing dogs are trained (1–2 weeks) to assist diabetic patients by sniffing their blood glucose status without the need for any specific sampling device (Gonder-Frederick et al., 2017; Rooney et al., 2019). However, in two studies investigating blood glucose level recognition in type I diabetes by dogs, sweat was collected on gauze from the arms (Dehlinger et al., 2013) or neck (Hardin et al., 2015) and stored (the storage time is not mentioned) at −18°C before being analyzed by the dogs (Hardin et al., 2015). So far, the results obtained using hypoglycemia sniffing dogs are not as accurate as standard invasive methods for blood glucose determination (ISO15197:2003 standards prescribe a maximal deviation of 20% in 95% of measurements when blood glucose levels are above 75 mg/dL and a deviation of 15 mg/dL when below 75 mg/dL (Eerdeken et al., 2020)). The sensitivity of hypoglycemia sniffing dogs ranged from 50% to 87.5%, and the specificity from 89.6% to 97.9% (Hardin et al., 2015).
In the context of epilepsy diagnosis, a study by Catala et al. (Catala et al., 2019) used a similar protocol to Hardin et al. (Hardin et al., 2015), where patients rubbed gauze on their necks and placed it in a zip lock bag (Catala et al., 2019). Dogs detected epileptic with a sensitivity of 87% and a specificity of 98% in this small cohort study (5 patients). Another epilepsy-related study used gauze to collect sweat from different body parts before storing it in an inert sampling bag (Mylar®) and presenting it to the sniffing dogs (Maa et al., 2021). In this case, dogs were able to alert the subject before a seizure happened with a probability of 82%.
Several studies focused on the detection of COVID-19 by canine olfaction, including the work of Devillier et al. (Grandjean et al., 2020; Devillier et al., 2022). These studies used gauze (no brand name specified, 20 mins of contact to recover up to 76 mg of sweat) and Getxent® tubes to collect sweat from underarms, and the sampling devices were stored at 18°C and 6°C in separate laboratories before being presented to the dogs. Lately, Jendrny et al. conducted a review of 22 studies related to SARS-CoV-2 detection by canine olfaction (Jendrny et al., 2021b), with sweat being the most commonly used VOCs source (11 of 22 studies). Dogs’ performances in terms of sensitivity range from 65% to 100% and in specificity from 76% to 99% in these studies (Jendrny et al., 2021b).
Furthermore, one study evaluates the effect of freezing sweat samples collected on gauze between collection and usage (Lenochova et al., 2009), with human panelists evaluating the odors. Interestingly, no differences were observed between fresh and 6 months frozen samples.
3.1.2 Human exhaled air capture for disease detection by dogs
Several systems have been developed to capture VOCs from exhaled air and present them to dogs for evaluation. However, there is currently no standardized method, and different teams employ their approaches to collect odorant compounds. Two main methods are commonly used for collecting odors for dog evaluation: breath sampling tubes and sampling bags.
Breath sampling tubes, often custom-made, are used in some studies on the analysis of exhaled air. These tubes can range from 15 cm tubes (Montes et al., 2017) to 20 cm long (Reeve et al., 2020) and are equipped with materials like cotton balls or two layers of glass wool (one hydrophobic and hydrophilic) to trap the breath samples (McCulloch et al., 2006; Ehmann et al., 2012; Walczak et al., 2012; Montes et al., 2017).
Sampling bags are another approach used to collect exhaled air for dog evaluation. In this method, subjects exhale air into special bags, which are then presented to the dogs for the detection of various conditions, such as colorectal cancer (Sonoda et al., 2011).
More recently, researchers have explored the use of surgical facemasks for COVID-19 detection through canine olfaction (Devillier et al., 2022; Mendel et al., 2021). Mendel et al. (Mendel et al., 2021) pre-tested patients at a healthcare facility for COVID-19 and then asked to wear masks for 30–45 mins. These facemasks were then collected in special bags and transported to the testing laboratory. Masks were exposed to UV light to inactivate the potential virus particles. UV treatment of the facemasks has been tested and does not affect the nature of VOCs (Martin et al., 2020). After, the facemasks were cut into small squares for presentation to the dogs for sniffing tests and instrumental analysis. The study demonstrated promising results, with canine olfaction achieving an accuracy greater than 90% ((Mendel et al., 2021).
However, it is worth noting that using surgical facemasks for breath sampling may introduce additional VOCs from sweat and sebum present on the patient’s facial skin. Despite, this potential confounding factor, the study achieved impressive sensitivity and specificity values after 1 month of training dogs for COVID-19 detection (Mendel et al., 2021; Devillier et al., 2022).
Regarding storage of breath samples, different studies have employed varying temperatures, such as in cold storage at 4°C (Sonoda et al., 2011; Devillier et al., 2022) or at room temperature (McCulloch et al., 2006; Ehmann et al., 2012; Walczak et al., 2012; Reeve et al., 2018; Reeve et al., 2020), for varying lengths of time, which strongly depend on the study length. However, justification for these specific storage conditions is not always provided in the literature.
3.2 GC-MS analysis
The analysis of human sweat and breath is highly diverse and varies significantly among different research teams. Each team tends to use distinct odor sampling systems tailored to the specific objectives of their studies. In the subsequent section, we will delve into the description of sweat sampling devices concerning disease diagnosis through GC-MS analysis.
3.2.1 Sweat sampling devices for GC-MS analysis
3.2.1.1 Use of PDMS for body odor sampling
Several devices based on polydimethylsiloxane (PDMS) have been developed to collect sweat from human skin for analysis (Soini et al., 2006; Bicchi et al., 2007; Xu et al., 2007; Riazanskaia et al., 2008; Sgorbini et al., 2010; Jiang et al., 2013; Martin et al., 2016; Roodt et al., 2018; Wooding et al., 2020; Wooding et al., 2021). These Medical-grade PDMS-based materials are often fashioned into small pieces known as “patches” or “skin patches”, which can be placed in direct contact with the skin to allow passive sampling. After sweat collection, these patches are subjected to a thermal desorption process to desorb VOCs. The analytes are then cryo-focused into a cold trap before being injected into the gas chromatography column in a splitless mode for further analysis (details are provided in Table 1).
Researchers choose the size and shape of the PDMS-based skin patch based on the sampling area and specific study requirements. For example, Martin et al. (Martin et al., 2016) used rectangular patches measuring 5 mm × 15 mm patches with a thickness of 0.45 mm, to collect sebum and sweat from the whole forehead of volunteers. Round patches of various diameters (6,11, and 17 mm) and a thickness of 0.25 mm were employed to collect sweat from the upper back, forearm, and back tight (Jiang et al., 2013). The signal intensity obtained through TD-GC-MS increases with the size of the patch (Jiang et al., 2013), indicating its influence on sensitivity. Additionally, Wooding et al. (Wooding et al., 2020) utilized PDMS patches to sample VOCs from the arm and abdomen skin surface for durations ranging from 5 to 120 mins. The results demonstrated a sensitivity increase proportional to the sampling time for most compounds, except for highly volatile ones like 2,4,6-trimethylcarbazole.
In some cases, to prevent the PDMS patch from getting impregnated with skin sweat and sebum, it is placed in a "sandwich” between two stainless steel meshes (Jiang et al., 2013), which additionally aids in reducing background noise. For certain research involving mosquito attractants emitted from the skin of healthy subjects, PDMS-based samplers in the form of bracelets and wristbands have been developed (Wooding et al., 2020). These samplers are made of medical-grade PDMS tubing and are enclosed by Mylar® sheeting (Hydroponic) to avoid contamination from surrounding air. It is recommended to store PDMS-based samplers at 4°C (Riazanskaia et al., 2008; Wooding et al., 2020) for no longer than 24 h (Riazanskaia et al., 2008).
PDMS-based Twisters, commonly used for Stir Bars Sorptive Extraction (SBSE), have also been employed as sampling materials to collect VOCs from skin regions like the arms (Soini et al., 2006; Penn et al., 2007; Xu et al., 2007) and axilla (Xu et al., 2007). These twisters can be rolled on specific areas of the skin, enabling researchers to identify individuals and gender-volatile markers in human body odor (Penn et al., 2007). About 400 compounds are detected and 100 are identified. Twisters were stored for up to 14 or 20 days at 4°C before analysis (Penn et al., 2007; Xu et al., 2007).
PDMS-based samplers offer numerous advantages, including ease of use and reproducibility in the sampling procedure, self-administrability, and portability. These devices can be stored in empty stainless steel thermal desorption tubes, making transportation and storage convenient. Moreover, the size and shape of the patch can be customized for different applications, making them suitable for canine olfaction. In forensics, PDMS has shown relevance in capturing and releasing explosives’ odorants for dog sniffing applications (MacCrehan et al., 2018b).
While quantification of VOCs in sweat is infrequently reported. Two studies (Riazanskaia et al., 2008; Martin et al., 2016), shown in Table 1, utilized PDMS skin patches and provided detected and identified VOCs concentration range values.
Overall, PDMS-based sweat sampling devices offer a valuable and versatile tool for capturing volatile compounds from the skin, with potential applications in various scientific fields and canine olfaction studies.
3.2.1.2 Use of Sorbstar® tubes for body odors sampling
In the thesis work of V. Cuzuel, Sorbstar® tubes demonstrated good efficiency in capturing and releasing VOCs from the palms of hands (Cuzuel, 2022). This sampling approach is akin to SBSE, and active sampling can be holding and rolling the Sorbstar® tubes in the palms of the hands. Despite its promising performance, Sorbstar® tubes are not widely utilized in research studies, as only one paper implementing this sampling device has been identified.
3.2.1.3 Use of gauze, clothes, or cotton for body odors sampling
In numerous experimental studies, gauzes have been utilized for body odor sampling (Curran et al., 2005a; Curran et al., 2010b; Rodríguez-Esquivel et al., 2018; Crespo-Cajigas et al., 2023) (protocols detailed in Table 2). However, the brand and type of gauze used are often not explicitly specified. A comprehensive comparison of nine commercially available gauzes (Dukal, J&J, Nexcare, IMCO, Eckerds, Cotton Roll, King’s Cotton, Polish Absorbers, and Hungarian Cotton) was conducted by Furton and Curran in 2006, as published in a patent (The Patent Cooperation Treaty, 2007). Among these gauzes, Nexcare was found to release the highest number of volatile compounds (58 VOCs), while Dukal released the least VOCs (12 VOCs). This variation implies that the choice of gauze can significantly influence GC-MS analysis and dog sniffing results. Proper cleaning of the gauze before sweat sampling is crucial to ensure accurate and reliable sampling. The patent suggests cleaning vials and septa with acetone and then heating them at 210°C for 48 h to remove any residual VOCs traces before SPME GC-MS analysis ((The Patent Cooperation Treaty, 2007)).
In the context of studying the primary odor of subjects and differentiating between volunteers based on their body odor, gauzes have been used (Curran et al., 2010b). A protocol involving a pump and a supercritical fluid extractor is employed to clean the gauze before sweat sampling (Curran et al., 2010b). Cleaned gauze were placed on the subject’s hands for 5 mins following a hand-washing protocol and then stored at room temperature for 24 h. VOCs are subsequently extracted using SPME for an extended duration (21 h) at room temperature and analyzed by GC-MS. This study, conducted in 2009, provided the first evidence of the possibility of individual discrimination based on the analysis of VOCs from hands (Curran et al., 2010b).
Trivedi et al. (Trivedi et al., 2019a) conducted a study prompted by the discovery of a "super smeller” named Joy Milne who detects a distinct odor in her Parkinson’s disease-afflicted husband. They investigated healthy and Parkinson’s disease patients, totaling 64 subjects. Sweat and sebum were collected from their upper backs using gauze which were then stored at −80°C for analysis. The researchers employed DHS (Dynamic Headspace) extraction to extract VOCs from the gauze, followed by GC-MS coupled with an olfactometer. Results revealed that Perillic aldehyde tended to decrease for Parkinson’s disease patients, while three other components (Hippuric acid, Eicosan, and Octadecanal) increased. The peer-reviewed publication, originally an application note (Anatune, 2019), presented a solution to analyze the volatile compounds captured on gauze. In a subsequent study in 2021 (Sinclair et al., 2021) the research team failed to replicate the same biomarkers as in their 2019 study (Trivedi et al., 2019a).
Haze et al. (Haze et al., 2022) conducted a study on the evolution of t-2-nonenal during aging, utilizing T-shirts as sampling devices. Participants wore the T-shirt for 3 days, and a portion of the cloth was placed in a 10 L Tedlar® bag. VOCs were extracted using a sampling pump to mimic dynamic headspace extraction (DHS), with a constant flow rate of 1.8 L/min. To maintain the 10 L capacity in the bag, deodorized air was supplied, and DHS collection was performed at 23°C for 18 h. VOCs were trapped into a Tenax® TA cartridge and later subjected to liquid desorption using 10 mL of diethyl ether. In contrast, results from an American study contradicted these findings, suggesting that trans-2-nonenal is not a volatile biomarker of aging in a non-Japanese population (Gallagher et al., 2008).
More details on analytical methods, including desorption parameters, GC-MS system, and chromatographic columns are provided in Supplementary Table S1.
3.2.2 Exhaled air sampling devices for GC-MS analysis
Diverse sampling systems have been developed with differences in parameters like sample volume and the fraction of exhaled air collected. In adults, each breath typically consists of around 500 mL of air. The initial 150 mL corresponds to the dead space, comprising air from the mouth and the surrounding environment, which is not involved in blood gas exchange. The subsequent 350 mL constitutes the alveolar portion, where the air has come into contact with the blood in the lungs. Capturing the alveolar breath, obtained at the end of exhalation, is more advantageous as it avoids dilution by dead space air (White and Fowler, 2018).
3.2.2.1 Sampling bags
Sampling bags are widely used to collect exhaled air for studying VOCs. Patients are asked to fast for at least 6 h and rest for 10 mins before breathing normally through a filter to purify inhaled air or medical air. Sometimes, patients wear a nose clip to ensure that only oral cavity air is collected. Consistency in respiratory parameters, such as the breathing route, is crucial to avoid bias in the clinical interpretation of exhaled VOCs patterns (Sukul et al., 2017).
Subjects are often asked to hold their breath for 10–30 s and then exhale deeply to fill the sampling bag (Koureas et al., 2020). Different types of bags, including Tedlar® (made of polyvinyl fluoride), Flexfilm® (unknown polymer), and Kynar® (made of polyvinylidene difluoride) have been compared (Mochalski et al., 2013a). A study by Mochalski et al. (Mochalski et al., 2013a) found that Tedlar® bags provide the least background emission, while Flexfilm® bags provide the highest. The authors recommend storing breath samples for up to 6 h at a cold temperature (4°C), in pre-conditioned Tedlar® bags (flushed with an inert gas).
Cleaning the sampling bags with pure nitrogen, (Caldeira et al., 2012; Mochalski et al., 2013a; Amal et al., 2016; Gashimova et al., 2019; Koureas et al., 2020), helium (Murtada et al., 2021) or humidified zero-air (Be et al., 2008). the main drawback of sampling bags is their storage time, with Mochalski et al. (Mochalski et al., 2013a) recommending storing the bags at 4°C and to not extract VOCs from the bags beyond 6 h after sampling.
3.2.2.2 Commercial devices
The Breath Collection Apparatus (BCA, Menssana Research) is a tube-based device where patients blow for 2 min, wearing a nose clip to collect only oral cavity air. Volatile compounds are trapped on activated carbon sorbents inside the tube (Phillips et al., 2019). To our knowledge, published VOCs limits of detection and GC-MS analysis for this system are lacking in the literature.
The Bio-VOC Sampler® (Markes) is designed to collect end-tidal breath, mainly composed of endogenous compounds. The patient blows through a disposable mouthpiece into an inert plastic container with a volume of 175 mL. It samples 88 mL of alveolar air, making it suitable for detecting high-concentration VOCs in the ppm range (Kwak et al., 2014). It has been used for the determining of nitric oxide levels in exhaled air (Henderson and Matthews, 2002). Yet, it is not recommended for identifying unknown biomarkers in low concentrations (<ppb) in breath samples.
The ReCIVA® facemask by Olwstone Medical is an end-tidal breath collection device with an infrared CO2 sensor and Tenax® adsorbent cartridges. This commercial device has been well thought out for medical research applications (De Vi et al., 2020; Holden et al., 2020). It allows reproducible and precise breath sampling with reduced potential loss of compounds. However, it is an expensive device, and the same facemask cannot be used for multiple patients. One study using a very small cohort (three patients) suggests that the device may be less sensitive than Tedlar® bags (Gilio et al., 2020).
In summary, each commercial device has its advantages and limitations in breath sampling, making them suitable for specific research applications.
3.2.3 Extraction methods for GC-MS analysis
In this section, the main techniques for preparing gaseous samples for VOCs analysis by GC-MS are presented.
3.2.3.1 Solid phase Micro extraction (SPME)
SPME is a well-established technique developed in 1990 by Pawliszyn et al. (Catherine and Janusz, 1990). It is widely used for VOCs analysis. This extraction technique relies on specific polymers like PDMS, Carboxen, and Polyacrylate, which are incorporated into a 1–2 cm long fiber (Reyes-Garcés et al., 2018) with an adsorbent phase ranging from 7 to 100 µm.
SPME protocols involve exposing the fiber to the sample either through immersion for liquid samples or in the headspace of the sample container. After extraction, the VOCs are thermally desorbed from the fiber in the GC-MS inlet for analysis.
A more recent advancement is Thin-Film Solid Phase Microextraction (TF-SPME), developed in 2003 by Bruheim et al. (Bruheim et al., 2003). This technique operates on the same principle as classical SPME but utilizes a thin-film surface, about 200 mm2 in size, which is approximately 20 times that of a conventional 100 µm SPME fiber.
Murtada et al. (Murtada et al., 2021), combined TF-SPME with Tedlar® bags for collecting volatile compounds from exhaled air. They introduced a Carboxen/PDMS film into a 1 L Tedlar bag, which was cleaned with helium to eliminate contamination prior to the sample collection. The filled bag was kept for 3 h at 25°C. Subsequently, the fiber was removed and analyzed by thermal desorption and GC-MS.
3.2.3.2 Trapping in the adsorbent phase
Trapping in sorbent phases is a commonly used method for samples collected in sampling bags. A recent review by Westphal et al., 2023 (Westphal et al., 2022) offers valuable guidelines on using sampling bags and adsorbent phase for thermal desorption and GC-MS analysis. These guidelines encompass essential instrumental parameters, ensuring effective and efficient analysis.
3.2.3.3 Needle Trap Device
Needle Trap Device (NTD) is an extraction trap consisting of a sorbent material packed inside a needle, used as an extraction trap (Pizzini et al., 2018; Monedeiro et al., 2021). This principle closely resembles trapping in sorbent phases. VOCs from the sampling bag or device are transferred to the NTD using a sampling pump. Once extracted, the needle is inserted into a thermal desorption unit, such as a thermal desorption tube, for further analysis.
3.2.3.4 Dynamic headspace
Dynamic Headspace (DHS) is a dynamic extraction technique employed for analyzing volatile compounds in a liquid or a solid sample. In this method, the volatile compounds are thermally extracted and trapped in a sorbent phase. The key advantage of DHS is the continuous renewal of analytes to the sorbent phase through an inert gas flow during the extraction process. This ensures that the equilibrium of volatile compounds between the sample and the gas phase (headspace) is never reached.
DHS can be automated or remote and is suitable for various sample types, particularly solid samples with minimal moisture content. For instance, gauze or a Getxent® tubes are suitable sorbent materials for DHS. Notably, DHS was utilized in a volatolomic study to analyze the sebum of patients with Parkinson’s disease (Sinclair et al., 2021). Sterile cotton medical gauze was used to collect sebum from patients’ upper back. The collected volatile compounds on the gauzes were then extracted by DHS at 80°C for 10 min under nitrogen flow and trapped on a Tenax TA adsorbent cartridge maintained at 40°C. Subsequently, the thermal desorption of the Tenax trap and GC-MS analysis differentiated samples from patients and healthy volunteers.
In a recent systematic review by Mitra et al., 2022 (Mitra et al., 2022), 29 papers were selected, covering diverse sampling devices and extraction techniques for body odor analysis. The number of VOCs detected by GC-MS varied also on the study design, the number of participants, and the analytical instrument used. The sensitivity of the different materials and techniques is challenging to evaluate due to the limited availability of quantification of the VOCs in sweat samples. However, studies providing concentration values demonstrated that 2D-GC with SPME (Caldeira et al., 2012) or Trapping in TD tubes (Berna et al., 2021) allow VOCs detection at very low concentrations (pg/L).
In comparing similar sampling protocols, the sensitivity of the analysis appears to be more influenced by the analytical instrument than the extraction method used.
4 DISCUSSION
Compared to classical extraction methods discussed in this paper (Section 3.2.3), the canine nose is a natural highly efficient extraction system. The airflow dynamics around a dogs’ nostrils are such that the air is inhaled from the front and exhaled to the side resulting in an impressive volume of approximately 30 mL/s/nostril or an approximate airflow of 3,600 mL/min (Kenneth et al., 2017; Kokocińska-Kusiak et al., 2021). This flow rate is over 7 times higher than the typical values used for human exhaled air extraction from sampling bags or gas purge flow used in dynamic headspace to extract sweat-VOCs from materials (ranging from 20 to 500 mL/min) before thermal desorption GC-MS analysis. To better replicate the accuracy of a dog’s sniffing process, it is recommended to employ dynamic headspace techniques for VOCs collection instead of using static headspace methods. For instance, using DHS to simulate a 15 s dog sniffing in one nostril, a sample volume of 450 mL has to be extracted at a flow rate of 30 mL/s. Figure 3 illustrates the similarities between dog sniffing and dynamic headspace techniques used in GC-MS analysis.
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4.1 Use of the dog as an analytical tool
Canine olfaction as a diagnostic tool offers many advantages. Firstly, it provides a non-invasive, painless, and potentially inexpensive procedure. The use of canine olfaction as a diagnostic tool has shown promise in detecting specific VOCs patterns in sweat or exhaled air associated with infectious diseases like COVID-19, or cancers. Since domestic dogs are familiar with human odors, they need to be trained to differentiate between body odors from multiple healthy subjects and those combined with disease-specific VOCs. The training process for detection dogs typically involves two steps: generalization, where they are trained to detect specific stimuli, and discrimination: where they learn to differentiate between target odors and distracting samples.
Once properly trained, sniffing dogs, selected based on breed and aptitudes, exhibit remarkable abilities in detecting VOCs at extremely low concentrations, often in the parts per trillion range. Interestingly, the sensitivity of the dog’s olfactive system appears to be on par with, if not greater than, the analytical instrument. For instance, when comparing Limit of Detection (LOD) values, butanethiol is estimated to have an LOD of 0.0003 ppb for canine olfaction (Wackermannová et al., 2016) versus 0.03 ppb for GC- MS (Muir et al., 2005). On the other hand, certain VOC like Pyrazine are detected at lower LOD by GC-MS (0.4 ppb) (Mochalski et al., 2013b) compared to dog sniffing, which achieves an LOD of 28 ppb (Wackermannová et al., 2016). However, canine olfaction cannot be compared to analytical instruments such as GC-MS systems since these two detection tools are very different. Indeed, canine olfaction is believed to depend on broadly selective receptors and combinatorial signal processing. One crucial factor to consider is that dogs are living beings and exhibit variability in their responses. Interpretation of canine olfaction analyzes must account for the variability among individual animals and among dog’s breeds (Bauër et al., 2022b).
Moreover, the complexity of the training exercise can increase this variability. Properly training detection dogs to recognize these disease-specific odorants remain a significant challenge. It is essential to ensure that the dogs do not confuse these odors with unrelated stimuli, such as contaminants, hospital odors, or even the sampling device or storage conditions.
Therefore, attention must be given to the experimental study’s design and the collection and storage of training and test samples. Unfortunately, there is a lack of standardization of canine olfaction training, which is evident in many studies. To address this, a well-defined training protocol should be developed, drawing from experiences acquired in forensic sciences (National Institute of Standards and Technology, 2009).
In a medical context, additional considerations come into play. A study conducted by Elliker et al. (Elliker et al., 2014) offers valuable recommendations for experimental studies related to cancer diagnosis using canine olfaction. One of the challenges is that detection dogs can identify samples used in previous training sessions based on individuals’ odors or contaminants’ odors. To mitigate this issue, it is recommended not to reuse several times training samples from the same individuals but instead to use pooled samples from different donors to create a variety of odor profiles (unfamiliar samples) (Elliker et al., 2014).
The control of VOCs released from the odor capture devices during dog training is also a critical aspect to consider. Forensic experts have developed a standardized procedure called Controlled Odor Mimic Permeation Systems (COMPS) to address this (Kenneth et al., 2008; Kenneth et al., 2017). The diffusion time of a compound within an odor collection material depends on its chemical properties such as vapor pressure and structure, as well as its affinity with the sorbent material. This process involves two distinct physical mechanisms: adsorption, where molecules adhere to the surface of a solid surface, and absorption, where molecules permeate into a porous surface.
Quantifying the amount of VOCs released from odor collection materials under controlled temperature and humidity conditions is essential to determine their suitable usage time based on the nature of the VOCs being studied. For instance, in a study by Simon et al. (Simon et al., 2019), headspace concentrations of 12 VOCs were determined using SPME GC-MS. Analytical standards were doped onto cotton gauze (Dukal brand) and placed onto open containers used for dog training. After 1 hour (the estimated time of a canine training session), the diffusion of VOCs from gauze to the surrounding air was measured. SPME fibers (DVB/CAR/PDMS) were placed 5 cm above the gauze, were exposed for 15 s to the odor source, and subsequently analyzed by TD GC-MS. This process was repeated daily for 9 days. The concentrations of VOCs did not significantly decrease for 7 h, allowing the gauzes to be used for up to 7 training sessions (Simon et al., 2019).
4.2 Use of GC-MS as a complementary tool to identify specific-diseases induced VOCs
The analysis of human odor samples by GC-MS applied using untargeted methods allows for the identification of a broad range of volatile molecules. In a first place, to improve the sensibility and the specificity of the analysis, the most relevant materials for sampling and extracting VOCs must be chosen. Commonly used materials like gauze, clothes, and cotton balls cannot be directly used with GC-MS systems and require a preliminary extraction step. The choice of the extraction protocol among various existing headspace techniques does not significantly impact the analysis’s sensitivity. However, it does influence the analysis’s selectivity. For example, bipolar sorbents like Tenax TA or Carboxen are capable of trapping both hydrophile and lipophile VOCs, while PDMS favors the extraction of lipophile compounds. To achieve untargeted analyses, essential for detecting and identifying unknown disease biomarkers, it is recommended to use multiple sorbent phases with different properties. This approach allows for the trapping of a wide range of analytes, enhancing the chances of detecting and characterizing diverse compounds during the analysis. Using PDMS-based devices or Sorbstar® tubes for body odors eliminated the need for an extraction step. These materials can be directly used with a GC-MS system through thermal desorption. By applying optimal thermal desorption parameters, a significant portion of the collected analytes on the sorbent surface can be injected for analysis.
After optimizing the parameters for VOCs sampling and extraction, the later step is the analysis. In the field of metabolomics, untargeted GC-MS methods are prevalent. Then the data analysis can be carried out using various methods. The criteria for selecting peak (quality of peak height or range of m/z value), the variables values (peak area, peak height, intensity value of MS or abundance value of TIC) and the choice of data preprocessing method, are key parameters in the data treatment (Md Ghazi et al., 2022). Data preprocessing includes peak detection, baseline correction, chromatographic alignment, deconvolution, feature filtration, missing value replacement, normalization, ratio selection and classification. Typically, when applying metabolomics to disease diagnosis, the primary objective is to predict specific disease classes through the use of multivariate methods (Feizi et al., 2021).
Principal Component Analysis (PCA) is commonly applied in a first place to provide an overview of the data, detect outliers, groups, and patterns. Subsequently, classification can be performed using linear methods such as Partial Least Squares (PLS) and Orthogonal Partial Least-Squares (OPLS), or non-linear methods like Support Vector Machine (SVM) (Feizi et al., 2021). Linear methods are preferred for the analysis of a small sample size relative to a high number of variables, whereas non-linear methods are dedicated to large datasets. For instance, Caldeira et al. (Caldeira et al., 2012), applied of GC×GC–ToFMS (Comprehensive Two-Dimensional Gas Chromatography coupled with Time-of-Flight Mass Spectrometry) to the analysis of exhaled air samples from 32 children with allergic asthma (of which 10 also presented with allergic rhinitis) and 27 control children. Subsequently, PLS-Discriminant Analysis in conjunction with Cross Validation, was conducted to identify compounds that might be associated with oxidative stress, inflammatory processes, or other cellular phenomena characteristic of asthma. Following this process, a robust model with a classification rate of 96% is obtained. Within the asthmatic population, a distinctive profile of six VOCs was identified: nonane, 2,2,4,6,6-pentamethylheptane, decane, 3,6-dimethyldecane, dodecane, and tetradecane.
In order to explore potential future clinical applications, targeted methods have also to be developed to reduce the data processing time and enhances the method’s suitability for diagnosis purposes. Monedeiro et al. (Monedeiro et al., 2021) went in that direction by quantifying 29 target VOCs that have been previously reported as potential biomarkers of lung diseases in breath (lung cancer, chronic obstructive pulmonary disease, and asthma). Multinomial logistic regression (MLR) has been utilized to assess the relationship between the concentrations of the nine most discriminative targets (2-propanol, 3-methylpentane, (E)-ocimene, limonene, m-cymene, benzonitrile, undecane, terpineol, and phenol) as input variables. This analysis yielded an average overall accuracy of 95.5% for the prediction of multiple classes.
As discussed in Section 3.1, canine olfaction can be employed for simple binary classification of samples. Indeed, it would be intriguing to use GC-MS as an assessment tool for the dog. However, in the current state of our knowledge, we cannot assure what stimuli the dogs are actually responding to. The biomarkers identified by GC-MS might not be the same as those detected by the dogs. Furthermore, it is possible that the LODs of even the most advanced analytical instruments may not allow for the detection of molecules perceived by the dogs.
Nevertheless, studies in the field of analytical chemistry on the olfactory characteristics of pathologies serves as a valuable complement and may contribute to a more comprehensive understanding and standardization of experiments involving detection dogs (Bauër et al., 2022b).
4.3 Design of an ideal device compatible with both canine olfaction and GC-MS analysis
The design of an innovative, ideal device should consider several key elements, as resumed in Figure 4. These elements should be considered as recommendations for future research in the field of medical odor analysis.
1. Practical aspects: To ensure consistency and minimize variability in experimental studies involving numerous subjects, the device should have a user-friendly sampling protocol. An ideal device would come pre-conditioned to be free of contaminants and single-use to avoid cross-contamination. It should be packed in an inert vacuum-sealed individual bag before and after sampling.
2. Sampling selectivity: To improve dogs’ performances, the sampling device must be capable of collecting volatile compounds from diverse chemical families with different physicochemical properties. Balancing the ability to trap both apolar and polar compounds is essential, as valuable information could be lost if the collection device favors only one type of compound. Preserving highly reactive compounds like thiol molecules before analysis would be a significant advancement in medical diagnosis applications involving body odors (Schroeder, 2015).
3. Sample stability: Care must be taken when using absorbing materials like cellulose fibers (gauze, surgical facemasks) as they can absorb VOCs, humidity, and non-volatile compounds. Cold storage prior to analysis is necessary to prevent molecule degradation. In contrast, sorbent materials like adsorbent polymers are inert and do not require freezing but should be stored in a cold place to avoid the desorption of volatile compounds prior to analysis. The ideal device should allow long-time storage (several months) to accommodate experimental studies involving patients recruited and sampled over an extended period. Analyzing all samples in the same batch at the end of the study can help reduce instrumental variability.
4. Compatibility with thermal desorption: An ideal material would be compatible with direct thermal desorption prior to GC-MS analysis to enhance the analysis’s sensitivity by minimizing VOCs loss from extraction steps.
5. Reproducibility of odor release: Consistency in the amount of odor released from the sampling material throughout the training session or the test time is essential for accurate canine olfaction and GC-MS analysis.
[image: Figure 4]FIGURE 4 | A conceptual design for an ideal sampling device enabling for simultaneous analysis of body odors by canine olfaction and GC-MS.
5 CONCLUSION AND PERSPECTIVES
This bibliographic study explores the tools to comprehend odor capture techniques for both canine olfaction and GC-MS systems. The analysis of odors in a medical context is a relatively recent and diverse field, with numerous proofs of concept utilizing detection dogs or GC-MS. Interestingly, none of the studies reviewed have been replicated in other laboratories, and their results vary significantly. Notably, the only study on Parkinson’s disease was repeated with an increased patient cohort and yielded contradictory results compared to the initial study, serving as a crucial proof of concept odor (Trivedi et al., 2019a; Sinclair et al., 2021).
A key observation is the lack of standardization in sample collection protocols for both dogs and GC-MS studies. Training sniffing dogs necessitates an odor capture device, which can take the form of a sampling bag for patients to blow into, a gauze for sweat collection, or a passive/active polymer-based device to adsorb human VOCs. However, questions arise concerning the preservation and potential reuse of these odor-capturing devices, under specific conditions. Although this review does not offer a definitive answer to this question, it does provide valuable guidelines for consideration in future studies.
To potentially identify volatile biomarkers of pathologies detected by dogs, conducting GC-MS analysis alongside canine olfaction, using replicate samples and direct thermal desorption or multi-sorbent extraction may prove instrumental. This approach could eventually pave the way for significant advancements in the field of medical odor analysis.
Perhaps one of the most conceivable field applications utilizing sniffing dogs, would be the detection of infectious diseases during a pandemic. Indeed, in an observational study related to SARS-CoV-2, Guest et al. (Guest et al., 2022), reported that 2 dogs could screen 300 people in 30 min. This hypothesis makes it possible to imagine using canine olfaction in airports before embarking in a plane. In this scenario, only individuals marked as positive by the dogs would be tested afterwards by PCR tests.
In isolated settings, where access to gold standards diagnosis instruments is difficult, bringing detection dogs appears to be a promising solution for early and rapid detection of pathologies. In our knowledge, there are no established applications using detection dogs in this context. The limitations of this approach are well outlined in the review by Bauer et al. (Bauër et al., 2022b). These drawbacks notably include the associated high costs of employing qualified personnel for such applications, and the challenge of consistently sourcing samples for dogs’ trainings, to maintain their performances over time (Bauër et al., 2022b).
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Background: Abnormal levels of monosaccharides in blood have been linked to tumorigenesis. In this study, a novel high-performance liquid chromatography (HPLC) method was established for the simultaneous determination of free mannose and glucose in the serum.
Methods: The serum was directly derivatized by 1-phenyl-3-methyl-5-pyrazolone under alkaline conditions using L-rhamnose as an internal standard. The chromatographic separation was then performed on a Poroshell EC-C18 chromatographic column (4.6 × 100 mm, particle size 2.7 μm, Agilent) with gradient elution using NH4Ac-HAc and acetonitrile as the mobile phases. The method was thereafter validated according to international guidelines. The serum samples obtained from 200 healthy individuals and 200 ovarian cancer (OC) patients were analyzed for free mannose and glucose.
Results: The method was found to be reproducible for quantification within 20 min and included online sample purification. The method displayed excellent linearity in the concentration range (for mannose: 0.5–500 μg/mL; glucose: 0.5–1500 μg/mL). The precision, recovery, and stability met the FDA bioanalytical method validation acceptance criteria. Overall, the measurement of glucose content by HPLC correlated well with the different enzymatic methods. Ovarian cancer mannose levels in the serum were significantly higher in the advanced stage (61.22 μmol/L, p < 0.0001) than those in healthy volunteers and early-stage patients (44.51 μmol/L versus 50.09 μmol/L, p < 0.0001). The AUC for the ratio of serum free glucose to mannose (G/M) was 0.98 (p < 0.0001), with a sensitivity of 91.46% and a specificity of 98.50%, which served as a biomarker for OC diagnosis.
Conclusion: We report a simple, repeatable, and attractive analytical method by HPLC, which can be used for quantitative estimation of free mannose and glucose simultaneously in human serum. Our results indicate that the serum level of mannose could be used as a potential biomarker of ovarian cancer.
Keywords: ovarian cancer, serum biomarker, mannose, glucose, high-performance liquid chromatography
1 INTRODUCTION
Ovarian cancer (OC) is one of the most fatal of gynecologic malignancies which can seriously threaten the lives and health of women (Gaona-Luviano et al., 2020). In 2023, 19,710 new diagnoses and 13,270 deaths due to this malignancy have been estimated to occur in the United States (Siegel et al., 2023). Because the ovary is located deep in the pelvic cavity, the early pathological changes are not easy to detect, and about 70%–80% patients are diagnosed at advanced stage (Ⅲ/Ⅳ) and exhibit a poor prognosis (Shulman et al., 2019; Yue et al., 2022). After treatment, the 5-year survival rate has been reported to reach approximately 93% in stage I epithelial OC but only 30% in patients diagnosed with advanced stage tumors (Siegel et al., 2023). Therefore, early diagnosis and treatment remain key to improved survival. Currently, OC is diagnosed primarily through gynecologic pelvic examination, transvaginal ultrasonography, serum carbohydrate antigen 125, human epididymal protein 4, and other markers in combination with different imaging tests, but these methods have relatively low sensitivity and are associated with several limitations (Elias et al., 2018). So, it is essential to develop a simple, non-invasive, and sensitive method for early diagnosis of this malignancy in affected patients (Xiao et al., 2022).
The monosaccharide composition in the biological samples can indicate the health status of individuals (Han et al., 2020). Monosaccharides play a key role in regulating cellular metabolism and can serve as potential biomarkers. Moreover, the quantitative detection of free monosaccharides in the biological fluids is gaining popularity in the medical field (Wang et al., 2022). For instance, it has been previously reported that elevated levels of D-mannose (Man), D-fructose, and threonine in the cerebrospinal fluid have been found in patients with Parkinson’s disease (Trezzi et al., 2017). In addition, serum monosaccharide composites demonstrated better early diagnostic efficacy than carcinoembryonic antigen in patients diagnosed with colorectal cancer and can also be used for prognosis (Li et al., 2022). We found in our previous study that the levels of monosaccharides in hydrolyzed serum were significantly increased in patients diagnosed with endometrial cancer (Chen et al., 2022). These monosaccharide profiles indicated that the occurrence of tumors was accompanied by changes in the amount of monosaccharides in the blood and that there was a distinct difference in the metabolism of monosaccharides. These findings could form the basis of further studies for application of monosaccharide markers (Wang et al., 2022).
More importantly, Man is a minor monosaccharide in the blood of animals (Jin et al., 2021), which can be directly used to synthesize glycoproteins and is involved in immune regulation. A number of clinical studies have shown that Man can be used as a marker for early detection to improve the clinical outcome of various diseases. Interestingly, serum Man can serve as an indicator of invasive candidiasis, and its content was related to the degree of infection (Monson and Wilkinson, 1981; Marier et al., 1982). In addition, Man has recently been implicated in regulating cancer metabolism in esophageal carcinoma (Sanchez-Espiridion et al., 2015; Gu et al., 2017; White et al., 2017) and breast cancer (Jobard et al., 2014). Elevated Man levels have been linked to increased risk of chronic disorders, including diabetic individuals with insulin resistance (Amano et al., 2018; Ferrannini et al., 2020), coronary heart disease (Koseler et al., 2020; Koseler et al., 2021), acute respiratory distress syndrome (Wei et al., 2021), and tuberculosis infection (Conde et al., 2022). As a result, Man has been proposed as a novel biomarker of disease risk as well as its associated complications, and its detection may be useful for the development of new therapeutic strategies (Wang et al., 2022). It is exceedingly difficult to understand the condition at the beginning of the disease development or to determine whether there is a residual tumor after the treatment in OC patients. A number of studies have indicated that mannose is a reliable marker for tracking the progression and remission of OC (Gehrke et al., 1979). This is very useful for the clinicians to track the response to chemotherapy, but there are few reports related to the early diagnosis of mannose in OC.
The human serum free monosaccharides contain relatively elevated levels of glucose, a C-2 epimer of Man, which is usually measured by a method based on the enzyme hexokinase in the clinical laboratories (Bietenbeck et al., 2018), but Man levels cannot be estimated. At present, the main techniques for the measurement of Man in plasma or serum include enzymatic (Soyama, 1984; Etchison and Freeze, 1997), GC-MS (Pitkanen, 1996), HPLC (Taguchi et al., 2003; Miwa and Taguchi, 2013), LC-MS (White et al., 2017; Han et al., 2020; Wang et al., 2022), and capillary electrophoresis (Carchon and Jaeken, 2001). However, these methods have been found to be not entirely suitable for routine use for a variety of reasons, as they require time-consuming elimination of ∼100 times excess glucose, limited instrument usage, and the need for relatively large sample volumes (Taguchi et al., 2003). Hence, identification of a simple method for the simultaneous determination of serum free Man and glucose has high clinical applications. In this study, we have designed a novel HPLC method for simultaneous detection of serum free Man and glucose, and the performance was verified in accordance with clinical guidance documents. We also validated the linearity, limit of detection (LOD), limit of quantification (LOQ), recovery, intra-day/inter-day precision, and stability. The free Man and glucose in serum were thereafter analyzed using this new method to further validate their potential value as biomarkers for early diagnosis of OC (Figure 1, Research Scheme).
[image: Figure 1]FIGURE 1 | A schematic representation of the experimental design.
2 MATERIALS AND METHODS
2.1 Reagents and materials
D-mannose (Man), D-Glucose (Glc), L-rhamnose (Rha, internal standard, IS), 1- phenyl-3-methyl-5-pyrazolone (PMP), and bovine serum albumin (BSA, fatty acid and globulin-free) were purchased from Sigma-Aldrich (≥99.5% pure, St. Louis, MO, United States). Hydrochloric acid (HCl), sodium hydroxide (NaOH), ammonium acetate, acetic acid, ammonia, and chloroform (CHCl3) were obtained from Sinopharm Chemical Reagent (Shanghai, China). Phosphate-buffered saline (PBS) was acquired from Biological Industries (Shanghai, China). Acetonitrile and methanol (Merck, Germany) were of HPLC-grade. Ultra-purified water was provided using a MilliQ Direct Water Purification System (MILLIPORE, Germany).
2.2 Preparation of the calibrator and quality control solutions
We first dissolved the monosaccharide standard in ultra-purified water to obtain stock solutions of Man (10 mg/mL), Glc (10 mg/mL), and IS (1 mg/mL) and stored at −20°C. The working solution was obtained by mixing a stock solution of Man and Glc and then diluting it with water to a final concentration of 1 mg/mL. Thereafter, the mixture was diluted with blank serum (4% BSA PBS solution) to prepare different concentrations of calibrators (for Man: 0.5, 1, 2.5, 5, 10, 25, 50, 100, and 500 μg/mL and for Glc: 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250, 500, 1,000, and 1500 μg/mL). Quality control (QC) solutions were prepared at 2.5 (low), 25 (medium), and 250 μg/mL (high) concentration levels in the same way. The IS stock solution was diluted with water to obtain a working solution at 100 μg/mL. The stability QCs were prepared in the mixed human serum. The aforementioned working solutions were briefly stored at 4°C and then constituted immediately before use.
2.3 Serum samples
We obtained the fasting venous blood from OC patients before surgery in the morning and placed it in the sterile coagulant tubes. After coagulation, the serum samples were collected by centrifugation at 1,000 g for 10 min, and the supernatant was stored at −80 °C until use. The serum samples were collected from matched healthy individuals using the same method.
2.4. Extraction of the free monosaccharides
PMP-derivatized free monosaccharides were obtained by the method described previously (Lijiuan and Yong, 2020), with minor modifications (Figure 2). Briefly, 10 μL standards were dissolved in 30 μL IS working solution, and QC or serum sample was treated in a similar fashion. The monosaccharides were derivatized for 60 min at 70°C with the addition of 60 μL PMP solution (0.5 M dissolved in methanol) and 40 μL NaOH (0.3 M). We then added 40 μL HCl (0.3 M) to neutralize the reaction, vortexed for at least 5 s, and then extracted with 500 μL CHCl3. The mixture was then centrifuged at 20,800 g for 10 min in order to discard the lower layer of CHCl3, and the extraction was repeated twice to carefully collect the upper aqueous phase. After filtration with a 0.22-μm filter membrane, the supernatant was transferred for further analysis.
[image: Figure 2]FIGURE 2 | Derivatization of reducing sugar with PMP in weakly alkaline condition.
2.5 HPLC conditions
We separated PMP-derivatized monosaccharides by using an Agilent 1260 infinity HPLC system (Quat Pump G7111A, Vial sampler G7129A, thermostatic column compartment G7116A, UV detector DAD, G7115A, Agilent Technologies, Germany) equipped with a Poroshell EC-C18 column (4.6 × 100 mm, 2.7 μm particle size, Agilent). The separation was carried out at 37°C for 20 min at a flow rate of 1 mL/min. The sample injection volume was kept at 20 μL and detected at λ = 254 nm. These parameters are reported in Supplementary Table S1. The mobile phase A was 100 mM NH4Ac-HAc (0.1 mol NH4Ac dissolved in 1 L Milli-Q water, PH = 5.5), and mobile phase B was 100% acetonitrile. A gradient setting has been shown in Supplementary Table S2. The monosaccharide concentrations were calculated by comparing the peak area of PMP-derivatized Man and Glc with those of Rha. Serum Glc concentration was also assessed using the glucose oxidase method (Bietenbeck et al., 2018), and the results were compared with those of our method.
2.6 Method validation
The method was validated in accordance to the Center for Drug Evaluation and Research (CDER) “Bioanalytical Method Validation Guidance for Industry” (FDA, 2018). The validation was conducted with specificity, linearity, LOD, LOQ, recovery, precision, and stability.
2.6.1 Specificity
The specificity of an analytical method depends on its ability to distinguish the analyte from various other components (impurities, degradation products, metabolites, etc.) and thereby generate distinct signals which are free from interference (Ramakrishna et al., 2020). The samples were prepared with surrogate blank serum at a standard concentration of 500 μg/mL, IS, and 10 different samples from mixed OC patients and healthy control serum. These three sets of samples were then analyzed using the method of free monosaccharide extraction, and the resulting chromatograms were compared.
2.6.2 Linearity of calibration curve
The linearity was established to determine the potential relationship between instrument response and known concentrations of the analyte. A calibration curve in the surrogate serum was constructed as usual by using standard solutions at 10 different levels, within the concentration range (for Man: 0.5, 1, 2.5, 5, 10, 25, 50, 100, and 500 μg/mL and for Glc: 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250, 500, 1,000, and 1500 μg/mL). Y represented the ratio of monosaccharide peak area Ai to IS peak area AIS, and X represented the known concentrations of the monosaccharide concentration Ci. Thus, based on the least squares linear regression method, we estimated the slope, intercept, and coefficient of determination using 1/X2 weighting.
2.6.3 LOD and LOQ
LOD, which is also known as the selectivity, refers to the minimum quantity of the analyte that can be tested and analyzed at a certain background. LOQ is the smallest amount that can be measured quantitatively by a given method. We determined the LOD and LOQ by using the signal-to-noise ratios (3:1 and 10:1, respectively) within CV < 20%.
2.6.4 Precision and extraction recovery
Intra-day precision was assessed using three different concentrations of the standard solution (2.5, 25, and 250 μg/mL). The samples were analyzed five times in 1 day, and the accuracy was then calculated from the average and % CV. The inter-day accuracy was validated by repeating this assay for 3 consecutive days.
The extraction recovery was also evaluated by comparing the peak areas from three different experiments: a) QC samples (low, medium, and high); b) mixed serum (10 patients and 10 healthy individuals); c) the added QCs with the mixed serum. The extraction recovery was calculated using the following equation:
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2.6.5 Stability
All the samples were prepared in comparison with the freshly prepared samples at the same concentrations. All the stability experiments were repeated thrice. We evaluated the stock solution stability through comparing the freshly prepared one with the stored solution at 4°C for 2 months. Freeze-thaw stability samples were prepared by exposure to three cycles of freezing (−80°C) and thawing (at room temperature). The freshly prepared samples were left on the bench top at room temperature for 24 h to evaluate short-term (bench top) stability. The processed sample stability was measured by comparing the stability of the freshly obtained samples with that of serum extracts remaining in the autosampler for 24 h at the room temperature. The freshly prepared and stored solutions at −80°C were compared for 14 days to assess the long-term storage stability.
2.7 Determination of free monosaccharides in human serum samples
We determined the concentration of the free monosaccharides in the serum of 400 serum samples, including 200 OC patients and 200 healthy controls, by using the established HPLC method. All the subjects were from the Affiliated Hospital of Qingdao University. All OC patients were newly diagnosed, histologically confirmed, and had never received radiotherapy or chemotherapy prior to the surgery in the Department of Gynecology. The healthy individuals who did not suffer from any disease were enrolled from the Physical Examination Center. This study protocol was implemented in accordance with the ethical guidelines of the 2013 Declaration of Helsinki and has been approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. Informed consent forms were filled out for all the subjects.
2.8 Statistical analysis
All the data were analyzed with GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA, United States). The structures were created using ChemDraw Ultra 7.0. We used the multi-sample Shapiro–Wilk test to check the normality of continuous variables. The continuous variables have been presented as mean (SDs) or median and interquartile range (IQR). We used Student’s t-test (normal distribution) or Mann–Whitney U test (skew distribution) to compare the difference of the continuous variables, and p-values <0.05 were considered statistically significant.
3 RESULTS
3.1 Analytical performance
As depicted in the chromatograms, the PMP-labeled Man, Glc, and Rha could all be absolutely separated within 13 min. The first monosaccharide isolated from the column was Man at 7.36 ± 0.019 min and the last was Glc at 12.32 ± 0.012 min (Figure 3). The reproducibility of the method was excellent. The peaks of each monosaccharide were found to be symmetrical and sharp, and the resolutions were all >1.5, ensuring the specificity of the method. The thin-shell porous chromatographic column used in this method facilitated monosaccharide analysis in a suitable gradient mode within 20 min, which was superior to the full-porous chromatographic column previously reported (Chen et al., 2022). Figure 3 displays the typical representative chromatograms: A) 0.5 mg/mL standard solution, B) 0.1 mg/mL IS, C) serum obtained from the healthy individual, and D) serum collected from OC patients. The experimental data indicated that our novel method could successfully separate Man and Glc without interference peaks.
[image: Figure 3]FIGURE 3 | Representative HPLC chromatograms of PMP-labeled monosaccharides. (A) 0.5 mg/mL standard solution, (B) 0.1 mg/mL internal standard, (C) healthy control, and (D) OC patient serum sample with the internal standard. (Gaona-Luviano et al., 2020). Man (RT: 7.36 ± 0.019 min) (Siegel et al., 2023), Rha (RT: 10.04 ± 0.009 min) (Yue et al., 2022), and Glc (RT: 12.32 ± 0.012 min).
3.2 Method validation
3.2.1 Linearity, LOD, and LOQ
The calibration curve was established by plotting the peak area ratio Y) of the analyte IS and the nominal concentration X) of the analyte, and weighted (1/X2) linear regression was performed. The calibration curve was linear in the obtained concentration range (for Man: 0.50–500.0 μg/mL and for Glc: 0.5–1500 μg/mL), and the correlation coefficients R2 were observed to be > 0.999. This finding showed that the method exhibited good linearity in the calibration range (Table 1; Figure 4), sufficient quantitative sensitivity, and good validation results. The LOD and LOQ for Man were 0.37 and 1.26 μg/mL, respectively, which were identical to those found in the previously reported study (Campi et al., 2019). The LOD and LOQ for Glc were 0.61 and 2.07 μg/mL, respectively (Table 1). The concentrations of the serum Glc obtained by our method was consistent with those obtained by the enzymatic method (Figure 5).
TABLE 1 | Analytical performance of the method.
[image: Table 1][image: Figure 4]FIGURE 4 | Calibration curves of two monosaccharides.
[image: Figure 5]FIGURE 5 | Linear regression for the specimen correlation. Two hundred serum specimens were analyzed against the enzymatic assay and the HPLC analysis. R squared = 0.92; equation: enzymatic assay = 0.15 + 0.97 (HPLC).
3.2.2 Precision and extraction recovery
Both the intra-day/inter-day precision and extraction recoveries (expressed as the relative standard deviations) of the method were found to be within the acceptable range of 15% (results are summarized in Supplementary Table S3). The intra-day precisions of Man and Glc were 0.44%–1.35% and 0.67%–1.56%, respectively. Inter-day precisions were observed to be 0.46%–3.22% and 0.90%–3.70%, respectively. The average extracted recoveries for Man at low, medium, and high QC concentrations were 102.62%, 99.46% and 106.30%, respectively. The recoveries for Glc were 109.31%, 116.51%, and 104.40%, respectively. These data demonstrated that simple sample preparation methods can effectively yield extremely high and stable extraction recovery.
3.2.3 Stability
The stability test was performed to assess the stability of the free monosaccharides under the expected sample pretreatment and storage conditions. The results of the stability studies have been summarized in Supplementary Table S4 and expressed as the mean remaining percentage of the nominal concentrations. The stock solution after 2 months of storage at 4°C; the low, medium, and high QC samples after three freeze–thaw cycles at room temperature for 24 h; residual serum extract left in the autosampler at room temperature for 24 h; and stability at −80°C for 14 days were included. The stability of Man was 90.08%–103.74%, and that of Glc was 95.97%–103.49%.
Overall, all the validation results indicated that the established method had sufficient linearity, sensitivity, precision, and stability and could be used for the analysis of target free monosaccharides.
3.3 Quantification of the free monosaccharides in OC serum
In the present study, metabolite levels of the serum free Man and Glc were analyzed using established HPLC methods in 200 OC patients and 200 age-matched healthy controls. A non-parametric multiple comparison Kruskal–Wallis test (a non-parametric ANOVA) was conducted to compare the differences between the two groups. We compared the serum levels of free Man in patients with early-stage OC (FIGO = Ⅰ+Ⅱ) and healthy individuals, and significantly higher levels of serum Man were found in the early-stage OC patients than in the healthy individuals (50.09 μmol/L versus 44.51 μmol/L, p < 0.0001) as well as in the advanced (FIGO = Ⅲ+Ⅳ) OC patients versus the early-stage OC patients (61.22 μmol/L versus 50.09 μmol/L, p < 0.0001). There was no significant difference in the levels of serum free glucose between the early and late-stage OC patients, but they were higher in both than those in the healthy individuals (Table 2).
TABLE 2 | Levels of mannose in controls, early-stage, and late-stage OC cases.
[image: Table 2]We next investigated the diagnostic properties of mannose and glucose as potential biomarkers for OC by performing the receiving operator curve (ROC) analysis. The previous study conducted by our research group had reported a potential correlation between the ratio of serum free glucose to mannose (G/M) and the extent of human systemic dysfunction (Lijiuan and Yong, 2020). So, in this study, we have introduced the G/M and compared it between the healthy individuals and OC patients. The AUC for G/M as a biomarker for OC diagnosis was 0.98 (p < 0.0001), with a sensitivity of 91.46% and a specificity of 98.50% (Figure 6). Thus, our preliminary results suggested that it holds significant promise as a potential biomarker for OC.
[image: Figure 6]FIGURE 6 | The ratio of serum free glucose to mannose (G/M) was an excellent biomarker for OC diagnosis.
4 DISCUSSION
Identification of novel strategies to diagnose OC earlier can dramatically improve the chances of survival for many patients. One way to do this is to discover specific biomarkers that can circulate in blood. However, the quantity of these biomarkers is so low that detecting them has proven to be difficult. With the development of research technology, serum monosaccharides have been considered potential biomolecules for biomarker discovery (White et al., 2017; Chen et al., 2022; Li et al., 2022; Wang et al., 2022). Interestingly, Man levels have been found to be abnormal in the serum of patients with tumors, but it has not been reported in the serum of OC patients. At present, almost all studies aimed at identifying serum Man as a potential cancer biomarker have emphasized on tedious sample pretreatment process and costly equipment, which makes it relatively difficult to translate the readings rapidly for clinical application. Here, we have developed a novel HPLC analysis method for detection of free Man and Glc simultaneously in a large number of serum samples, which may serve as an effective tool in diagnosing OC patients.
There are several published methods describing the analysis of free Man in body fluids (Table 3), and according to published studies, current methods used for the detection of Man in blood include GC (Monson and Wilkinson, 1979; Pitkanen, 1996), HPLC (Taguchi et al., 2003; Jozwik et al., 2007; Miwa and Taguchi, 2013), capillary electrophoresis (Carchon and Jaeken, 2001), and enzymatic method (Soyama, 1984; Akazawa et al., 1986; Pitkanen et al., 1997; Sone et al., 2003). For example, Etchison et al. analyzed the free Man in 200 μL serum by high-performance anion exchange chromatography with an amperometric detector (Etchison and Freeze, 1997). Carchon et al. examined the levels of serum free Man by capillary electrophoresis using pre-column derivatization. The analysis time for this method was only 8 min (Carchon and Jaeken, 2001). Taguchi et al. determined the free Man in plasma by HPLC equipped with an anion exchange column and a fluorescence detector. In addition, as post-column derivatization was used, a sophisticated equipment was required, and the analysis time of this method was 57 min (Taguchi et al., 2003). However, the aforementioned studies required the removal of the high glucose content by a more complex pre-processing step to detect the Man. Sato et al. used ethyl p-aminobenzoate as a derivative reagent of serum monosaccharides, separated different monosaccharides by HPLC, and detected Glc by using a UV detector and mannose by using a fluorescence detector, thus achieving the first simultaneous quantitative analysis of Glc and Man in serum of dogs and chickens. The serum dosage of the method was 100 μL, but this method has not yet been used for quantitative and qualitative analysis of glucose and mannose in human serum (Sato et al., 2008). Our previous research method was based on hydrolysis of serum samples for degrading the various polysaccharides and glycoproteins into monosaccharide components. Thereafter, eight different monosaccharides were detected by PMP derivations and further analyzed by HPLC. It was observed that compared to the serum before hydrolysis, the composition and properties of the sample were altered significantly. Therefore, this method was not suitable for the direct detection of serum free monosaccharides. In addition, the method used in this approach displayed a long detection time and low efficiency (Chen et al., 2022). Further studies of free monosaccharides in the serum have been hampered by the limitations of detection methods.
TABLE 3 | Detailed comparison of published methods for the analysis of mannose.
[image: Table 3]The method developed in this study is primarily based on a simplified PMP-derived monosaccharide procedure in an alkaline environment. It comprises a clean chromatogram, all the monosaccharides were completely separated, and the methodological validation met the FDA bioanalytical method validation acceptance criteria (Figure 3; Table 1, Supplementary Table S3, Supplementary Table S4). In addition, the fast HPLC step can be completed within 13 min, thus expanding the capacity of the instrument and matching with a large number of the clinical samples. Our method can obtain both serum free Man and Glc data in a single HPLC profile by using only 10 μL of serum and then effectively generate quantitative data reports. Lastly, this approach can provide a novel method for HPLC analysis of monosaccharides by using Rha, which is not present in the serum, as an internal standard and as a standard sample for the blank substitution of serum. However, the limitation of this study is that all the subjects were recruited from a single center, and hence it is necessary to expand the sample set and validate it in a larger multicenter cohort study in the future, which is currently in progress.
As expected, we employed the HPLC method mentioned previously to analyze serum Man and Glc metabolism levels in OC patients as well as healthy individuals. It was found that the Glc concentration results showed good consistency with the enzymatic method (Figure 5), which is the most routinely used analysis method, but is expensive, while our method is relatively cheaper. We observed that serum levels of Man in patients with advanced (Ⅲ+Ⅳ) OC were 1.37-fold higher and 1.12-fold upregulated in early-stage (Ⅰ+Ⅱ) patients in comparison to the healthy controls, which initially suggested that Man metabolism was abnormal in the serum of OC patients (Table 2). These results are consistent with previously observed increase in Man concentrations in patients with advanced-stage esophageal cancer in comparison to early-stage disease (White et al., 2017). The G/M showed potential ability as a diagnostic biomarker for OC (AUC = 0.98, sensitivity = 91.46%, specificity = 98.50%) (Figure 6). This phenomenon may reflect potential changes in metabolism to support the abnormal anabolic needs of the cancer cells and incomplete glycosylation processes, rather than being a predisposition factor. Man, an epimer of Glc, is a monosaccharide constituent present in both glycoproteins and glycolipids, which can be converted into each other in vivo (Zhang et al., 2017). It has been found that after entering the tumor cell, Man can effectively accumulate in the form of mannose-6-phosphate, which can block the energy source of tumors by interfering with Glc metabolism and thus inhibiting tumor cell growth. It can also increase the anticancer effect of doxorubicin in vivo and significantly prolong the survival time of the mice (Gonzalez et al., 2018). Tumors display a higher need for Glc to sustain their rapid growth than the normal tissues. It has been established that Man efflux from the cells constitutes the main source of free Man in mammalian blood (Sharma and Freeze, 2011). Tumorigenesis can affect changes in the extracellular matrix or blood monosaccharides that can accurately reflect the pathophysiological state of the cell or person (Wang et al., 2022). Thus, exploring the metabolic levels of serum Man and Glc in OC might lead to the discovery of novel diagnostic markers and aid in further exploring the pathogenesis of OC.
In conclusion, we have developed a method for quantifying the levels of serum free monosaccharide using the HPLC and validated it in this study. This method was found suitable for analysis of the clinical samples and was used for the simultaneous quantification of Man and Glc concentrations in the human serum obtained from OC and healthy subjects. Our preliminary data showed that the Man levels were significantly higher in OC patients as compared to the healthy controls. Although further validation is required in a large multicenter sample, the results clearly indicate that Man levels can serve as a useful biomarker in diagnosis of OC.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving humans were approved by and this study protocol was implemented in accordance with the ethical guidelines of the 2013 Declaration of Helsinki and has been approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
YC: data curation, formal analysis, resources, software, writing–original draft, and investigation. QY: investigation, resources, visualization, writing–original draft, and conceptualization. LZ: data curation, investigation, methodology, validation, and writing–review and editing. PZ: funding acquisition, project administration, supervision, writing–review and editing, and validation.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Natural Science Foundation of Shandong Province, China (Grant No. ZR2021QH207).
ACKNOWLEDGMENTS
This work was supported by the Department of Gynecology in the Affiliated Hospital of Qingdao University for the blood sample collection, and the gynecologists provided clinical diagnosis.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2023.1289211/full#supplementary-material
ABBREVIATIONS
ACN, acetonitrile; BSA, bovine serum albumin; CEA, carcinoembryonic antigen; CHCl3, chloroform; FDA, Food and Drug Administration; FLD, fluorescence detector; Glc, glucose; GC, gas chromatography; GC-MS, gas chromatography/mass spectrometer; HCl, hydrochloric acid; HPLC, high-performance liquid chromatography; IS, internal standard; LC-MS, liquid chromatography-mass spectrometry; LOD, limit of detection; LOQ, limit of quantitation; Man, mannose; NaOH, sodium hydroxide; OC, ovarian cancer; PBS, phosphate-buffered saline; PMP-1, phenyl-3-methyl-5-pyrazolone; QC, quality control; Rha, rhamnose; UV, ultraviolet absorption.
REFERENCES
 Akazawa, S., Metzger, B. E., and Freinkel, N. (1986). Relationships between glucose and mannose during late gestation in normal pregnancy and pregnancy complicated by diabetes mellitus: concurrent concentrations in maternal plasma and amniotic fluid. J. Clin. Endocrinol. Metab. 62 (5), 984–989. doi:10.1210/jcem-62-5-984
 Amano, E., Funakoshi, S., Yoshimura, K., Hirano, S., Ohmi, S., Takata, H., et al. (2018). Fasting plasma mannose levels are associated with insulin sensitivity independent of BMI in Japanese individuals with diabetes. Diabetol. Metab. Syndr. 10, 88. doi:10.1186/s13098-018-0391-9
 Bietenbeck, A., Geilenkeuser, W. J., Klawonn, F., Spannagl, M., Nauck, M., Petersmann, A., et al. (2018). External quality assessment schemes for glucose measurements in Germany: factors for successful participation, analytical performance and medical impact. Clin. Chem. Lab. Med. 56 (8), 1238–1250. doi:10.1515/cclm-2017-1142
 Campi, B., Codini, S., Bisoli, N., Baldi, S., Zucchi, R., Ferrannini, E., et al. (2019). Quantification of d-mannose in plasma: development and validation of a reliable and accurate HPLC-MS-MS method. Clin. Chim. Acta 493, 31–35. doi:10.1016/j.cca.2019.02.024
 Carchon, H. A., and Jaeken, J. (2001). Determination of D-mannose in serum by capillary electrophoresis. Clin. Chem. 47 (7), 1319–1321. doi:10.1093/clinchem/47.7.1319
 Chen, Y., Yao, Q., Zeng, X., Hao, C., Li, X., Zhang, L., et al. (2022). Determination of monosaccharide composition in human serum by an improved HPLC method and its application as candidate biomarkers for endometrial cancer. Front. Oncol. 12, 1014159. doi:10.3389/fonc.2022.1014159
 Conde, R., Laires, R., Goncalves, L. G., Rizvi, A., Barroso, C., Villar, M., et al. (2022). Discovery of serum biomarkers for diagnosis of tuberculosis by NMR metabolomics including cross-validation with a second cohort. Biomed. J. 45 (4), 654–664. doi:10.1016/j.bj.2021.07.006
 Elias, K. M., Guo, J., and Bast, R. C. (2018). Early detection of ovarian cancer. Hematol. Oncol. Clin. North Am. 32 (6), 903–914. doi:10.1016/j.hoc.2018.07.003
 Etchison, J. R., and Freeze, H. H. (1997). Enzymatic assay of D-mannose in serum. Clin. Chem. 43 (3), 533–538. doi:10.1093/clinchem/43.3.533
 FDA (2018). Bioanalytical method validation guidance for Industry. 
 Ferrannini, E., Bokarewa, M., Brembeck, P., Baboota, R., Hedjazifar, S., Andersson, K., et al. (2020). Mannose is an insulin-regulated metabolite reflecting whole-body insulin sensitivity in man. Metabolism 102, 153974. doi:10.1016/j.metabol.2019.153974
 Gaona-Luviano, P., Medina-Gaona, L. A., and Magana-Perez, K. (2020). Epidemiology of ovarian cancer. Chin. Clin. Oncol. 9 (4), 47. doi:10.21037/cco-20-34
 Gehrke, C. W., Waalkes, T. P., Borek, E., Swartz, W. F., Cole, T. F., Kuo, K. C., et al. (1979). Quantitative gas—liquid chromatography of neutral sugars in human serum glycoproteins. J. Chromatogr. 162 (4), 507–528. doi:10.1016/s0378-4347(00)81831-9
 Gonzalez, P. S., O'Prey, J., Cardaci, S., Barthet, V. J. A., Sakamaki, J. I., Beaumatin, F., et al. (2018). Mannose impairs tumour growth and enhances chemotherapy. Nature 563 (7733), 719–723. doi:10.1038/s41586-018-0729-3
 Gu, J., Liang, D., Pierzynski, J. A., Zheng, L., Ye, Y., Zhang, J., et al. (2017). D-mannose: a novel prognostic biomarker for patients with esophageal adenocarcinoma. Carcinogenesis 38 (2), 162–167. doi:10.1093/carcin/bgw207
 Han, B., Park, J. W., Kang, M., Kim, B., Jeong, J. S., Kwon, O. S., et al. (2020). Simultaneous analysis of monosaccharides using ultra high performance liquid chromatography-high resolution mass spectrometry without derivatization for validation of certified reference materials. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1160, 122370. doi:10.1016/j.jchromb.2020.122370
 Jin, P., Wang, Y. Y., Liang, Z. G., Yuan, M., Li, H., and Du, Q. Z. (2021). Efficient bioconversion of high-concentration d-fructose into d-mannose by a novel N-acyl-d-glucosamine 2-epimerase from Thermobifida halotolerans. Catal. Sci. Technol. 11 (5), 1922–1930. doi:10.1039/d0cy01915a
 Jobard, E., Pontoizeau, C., Blaise, B. J., Bachelot, T., Elena-Herrmann, B., and Tredan, O. (2014). A serum nuclear magnetic resonance-based metabolomic signature of advanced metastatic human breast cancer. Cancer Lett. 343 (1), 33–41. doi:10.1016/j.canlet.2013.09.011
 Jozwik, M., Jozwik, M., Teng, C., and Battaglia, F. C. (2007). Concentrations of monosaccharides and their amino and alcohol derivatives in human preovulatory follicular fluid. Mol. Hum. Reprod. 13 (11), 791–796. doi:10.1093/molehr/gam060
 Koseler, A., Arslan, I., Sabirli, R., Zeytunluoglu, A., Kilic, O., and Kilic, I. D. (2020). Molecular and biochemical parameters related to plasma mannose levels in coronary artery disease among nondiabetic patients. Genet. Test. Mol. Biomarkers 24 (9), 562–568. doi:10.1089/gtmb.2020.0095
 Koseler, A., Arslan, I., Sabirli, R., Zeytunluoglu, A., Kilic, O., and Kilic, I. D. (2021). Associations between serum lipids and mannose levels in coronary artery disease among nondiabetic patients. Biomark. Med. 15 (12), 1035–1042. doi:10.2217/bmm-2020-0468
 Li, H. R., Wang, X. L., Huang, X. D., He, Y. L., Zhang, Y. R., Hao, C., et al. (2022). Circulating glycan monosaccharide composite-based biomarker diagnoses colorectal cancer at early stages and predicts prognosis. Front. Oncol. 12, 852044. doi:10.3389/fonc.2022.852044
 Lijiuan, Z., and Yong, L. (2020). Detection of serum free mannose and glucose by HPLC. patent, CN108956792B. 
 Marier, R. L., Milligan, E., and Fan, Y. D. (1982). Elevated mannose levels detected by gas-liquid chromatography in hydrolysates of serum from rats and humans with candidiasis. J. Clin. Microbiol. 16 (1), 123–128. doi:10.1128/jcm.16.1.123-128.1982
 Miwa, I., and Taguchi, T. (2013). A simple HPLC assay for plasma D-mannose. Clin. Chim. Acta 422, 42–43. doi:10.1016/j.cca.2013.04.005
 Monson, T. P., and Wilkinson, K. P. (1979). D-Mannose in human serum, measured as its aldononitrile acetate derivative. Clin. Chem. 25 (8), 1384–1387. doi:10.1093/clinchem/25.8.1384
 Monson, T. P., and Wilkinson, K. P. (1981). Mannose in body fluids as an indicator of invasive candidiasis. J. Clin. Microbiol. 14 (5), 557–562. doi:10.1128/jcm.14.5.557-562.1981
 Pitkanen, E. (1996). Mannose, mannitol, fructose and 1,5-anhydroglucitol concentrations measured by gas chromatography/mass spectrometry in blood plasma of diabetic patients. Clin. Chim. Acta 251 (1), 91–103. doi:10.1016/0009-8981(96)06284-5
 Pitkanen, E., Pitkanen, O., and Uotila, L. (1997). Enzymatic determination of unbound D-mannose in serum. Eur. J. Clin. Chem. Clin. Biochem. 35 (10), 761–766. doi:10.1515/cclm.1997.35.10.761
 Ramakrishna, V. R., Shyam Sunder, R., Kumar, K. R., and Narayan Sinha, S. (2020). Method development and validation for rapid identification of epigallocatechin gallate using ultra-high performance liquid chromatography. PLoS One 15 (1), e0227569. doi:10.1371/journal.pone.0227569
 Sanchez-Espiridion, B., Liang, D., Ajani, J. A., Liang, S., Ye, Y., Hildebrandt, M. A., et al. (2015). Identification of serum markers of esophageal adenocarcinoma by global and targeted metabolic profiling. Clin. Gastroenterol. Hepatol. 13 (10), 1730–1737.e9. doi:10.1016/j.cgh.2015.05.023
 Sato, T., Katayama, K., Arai, T., Sako, T., and Tazaki, H. (2008). Simultaneous determination of serum mannose and glucose concentrations in dog serum using high performance liquid chromatography. Res. Vet. Sci. 84 (1), 26–29. doi:10.1016/j.rvsc.2007.03.002
 Sharma, V., and Freeze, H. H. (2011). Mannose efflux from the cells: a potential source of mannose in blood. J. Biol. Chem. 286 (12), 10193–10200. doi:10.1074/jbc.m110.194241
 Shulman, L. P., Francis, M., Bullock, R., and Pappas, T. (2019). Clinical performance comparison of two in-vitro diagnostic multivariate index assays (IVDMIAs) for presurgical assessment for ovarian cancer risk. Adv. Ther. 36 (9), 2402–2413. doi:10.1007/s12325-019-01010-8
 Siegel, R. L., Miller, K. D., Wagle, N. S., and Jemal, A. (2023). Cancer statistics, 2023. CA Cancer J. Clin. 73 (1), 17–48. doi:10.3322/caac.21763
 Sone, H., Shimano, H., Ebinuma, H., Takahashi, A., Yano, Y., Iida, K. T., et al. (2003). Physiological changes in circulating mannose levels in normal, glucose-intolerant, and diabetic subjects. Metabolism 52 (8), 1019–1027. doi:10.1016/s0026-0495(03)00153-7
 Soyama, K. (1984). Enzymatic determination of D-mannose in serum. Clin. Chem. 30 (2), 293–294. doi:10.1093/clinchem/30.2.293
 Taguchi, T., Miwa, I., Mizutani, T., Nakajima, H., Fukumura, Y., Kobayashi, I., et al. (2003). Determination of D-mannose in plasma by HPLC. Clin. Chem. 49 (1), 181–183. doi:10.1373/49.1.181
 Trezzi, J. P., Galozzi, S., Jaeger, C., Barkovits, K., Brockmann, K., Maetzler, W., et al. (2017). Distinct metabolomic signature in cerebrospinal fluid in early Parkinson's disease. Mov. Disord. 32 (10), 1401–1408. doi:10.1002/mds.27132
 Wang, H., Zhang, X., Peng, Y., Pan, B., Wang, B., Peng, D. H., et al. (2022). A LC-MS/MS method to simultaneously profile 14 free monosaccharides in biofluids. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1192, 123086. doi:10.1016/j.jchromb.2021.123086
 Wei, Y., Huang, H., Zhang, R., Zhu, Z., Zhu, Y., Lin, L., et al. (2021). Association of serum mannose with acute respiratory distress syndrome risk and survival. JAMA Netw. Open 4 (1), e2034569. doi:10.1001/jamanetworkopen.2020.34569
 White, L., Ma, J., Liang, S., Sanchez-Espiridion, B., and Liang, D. (2017). LC-MS/MS determination of d-mannose in human serum as a potential cancer biomarker. J. Pharm. Biomed. Anal. 137, 54–59. doi:10.1016/j.jpba.2016.12.017
 Xiao, Y., Bi, M., Guo, H., and Li, M. (2022). Multi-omics approaches for biomarker discovery in early ovarian cancer diagnosis. EBioMedicine 79, 104001. doi:10.1016/j.ebiom.2022.104001
 Yue, X., Zhong, L. L., Wang, Y. S., Zhang, C. Y., Chen, X. F., Wang, S., et al. (2022). Value of assessment of different neoplasias in the adnexa in the differential diagnosis of malignant ovarian tumor and benign ovarian tumor: a meta-analysis. Ultrasound Med. Biol. 48 (5), 730–742. doi:10.1016/j.ultrasmedbio.2022.02.001
 Zhang, D., Chia, C., Jiao, X., Jin, W., Kasagi, S., Wu, R., et al. (2017). D-mannose induces regulatory T cells and suppresses immunopathology. Nat. Med. 23 (9), 1036–1045. doi:10.1038/nm.4375
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest..
Copyright © 2023 Chen, Yao, Zhang and Zeng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 21 December 2023
doi: 10.3389/fchem.2023.1328882


[image: image2]
PAS-based analysis of natural gas samples
Marc-Simon Bahr1,2* and Marcus Wolff1
1Heinrich Blasius Institute of Physical Technologies, Hamburg University of Applied Sciences, Hamburg, Germany
2School of Computing, Engineering and Physical Sciences, University of the West of Scotland, Paisley, United Kingdom
Edited by:
Giansergio Menduni, Politecnico di Bari, Italy
Reviewed by:
Thomas Rück, Regensburg University of Applied Sciences, Germany
Pengfei Jia, Guangxi University, China
* Correspondence: Marc-Simon Bahr, marc-simon.bahr@haw-hamburg.de
Received: 27 October 2023
Accepted: 07 December 2023
Published: 21 December 2023
Citation: Bahr M-S and Wolff M (2023) PAS-based analysis of natural gas samples. Front. Chem. 11:1328882. doi: 10.3389/fchem.2023.1328882

Photoacoustic spectroscopy (PAS) is well known for the detection of short-chain hydrocarbons, such as methane, ethane and propane, in the ppm (parts per million) or ppb (parts per billion) range. However, in the production process of natural gas and its combustion in gas-fired devices the composition, especially the concentrations of the main alkanes, plays a decisive role. Gas chromatography (GC) is considered the gold standard for natural gas analysis. We present a method to analyze natural gas samples by PAS. Furthermore, we describe a method to prepare storage gas samples, which are usually under atmospheric pressure, for PAS analysis. All measurements are validated by means of GC. The investigation allows conclusions to be drawn to what extent PAS is suitable for the investigation of natural gas samples.
Keywords: photoacoustic spectroscopy, main alkanes, interband cascade laser, natural gas, hydrocarbons
1 INTRODUCTION
Natural gas is one of the most important energy sources of our time and plays a significant role in the global energy supply. It consists of 75%–99% methane, 1%–15% ethane and 1%–10% propane as well as other small amounts of longer-chain hydrocarbons such as butane and pentane, but also of small amounts of nitrogen, carbon dioxide and noble gases (Hammer et al., 2003). The exact composition of natural gas is strongly dependent on its origin (Decourt et al., 2014).
When drilling for gas production, gas samples are taken at various drilling depths. These samples have a composition similar to commercial natural gas and, based on the compositions of the samples, allow geological conclusions regarding the surrounding rock but also about the expected gas deposit (Wiersberg and Erzinger, 2007).
Furthermore, the knowledge of composition of natural gas is extremely important for an effective combustion. The proportions of the individual hydrocarbons determine the energy content of the natural gas and thus its calorific value. In a mixture the different components contribute according to their concentrations (Leicher et al., 2017; Park et al., 2021).
Optimal operating parameters of gas-fired devices depend on the composition because methane, ethane and propane require different amounts of oxygen for a complete (stoichiometric) combustion (Demoulin et al., 2008). If the ratio of oxygen to gas components is not correct, incomplete combustion can occur, reducing energy efficiency and potentially causing harmful emissions. The knowledge of the composition helps to set the right combustion conditions to ensure optimal and environmentally friendly combustion (Wei et al., 2021).
In addition, the composition of natural gas has a significant influence on the monetary value of the natural gas. Both, industrial and private customers of natural gas receive bills based on average values of the natural gas composition and thus the energy content. The actual energy content sometimes varies significantly from the values used for billing, which often results in financial disadvantages for the customer. Knowing the actual composition of the natural gas purchased would make it possible to create correct bills regarding the energy content (Paulus and Lemort, 2023).
The knowledge of the exact composition of natural gas is of utmost importance in many aspects. Several methods exist for determining the natural gas composition regarding the individual hydrocarbons.
Gas chromatography (GC) is considered the gold standard of natural gas analysis. The individual natural gas components are separated in a separation column and then quantitatively detected, for example, with a flame ionization detector (FID) (Rhoderick, 2003; Brown et al., 2004). The advantage of GC is the high accuracy and the high dynamic range regarding the concentrations. With a gas chromatograph, measurements with deviations of 1%–2% are possible in a dynamic range starting in the ppb range up to 100%. The flame of the FID can be problematic in places with a high risk of explosion, for example, at drilling sites. Furthermore, a variety of operating gases are required, such as helium as carrier gas, synthetic air and hydrogen as combustion gas for the FID. Additionally, the analysis time can be up to 45 min depending on the selected analysis parameters (Poole, 2021).
A number of spectroscopic methods have been tried out for natural gas analysis, which have both advantages and disadvantages compared to the established GC.
Infrared spectroscopy in various forms was tested. The wavelength range was typically 1,000–2,000 nm.
A variety of measuring instruments exist which can detect methane, the main component of natural gas, by means of infrared absorption spectroscopy (Compur Monitors, 2021; Mueller-Elektronik AG, 2023). These devices are very compact and thus allow field measurements with very short measuring times. The disadvantage of this type of measurement devices, however, is that they cannot perform a natural gas analysis and thus only provide an indication of natural gas leakage.
Infrared absorption spectroscopy can also be performed from higher altitudes. Unmanned flying objects (drones) and satellites are used for this purpose (Iwaszenko et al., 2021; Pandey et al., 2023). Their emitted laser radiation is reflected at the Earth’s surface and thus also allows conclusions to be drawn about the presence of methane in the atmosphere. The advantage of these methods is the large measurement area that can be covered. Since the reflectivity depends on the existing topography of the reflecting point and the interaction path is large due to the measurement height, cross-sensitivities causing larger deviations are to be expected with this measurement method.
Fourier transform near-infrared (FTNIR) spectroscopy is a well-known embodiment of infrared spectroscopy (Haghi et al., 2017). Based on a Michelson interferometer, an absorption spectrum is generated in conjunction with the Fourier transform, from which the proportions of the individual components of the gas sample can be determined.
Another method of infrared spectroscopy is transmission spectroscopy based on hollow-core photonic bandgap fibers (Li et al., 2012). The gas mixture to be analyzed flows into the fiber, where the interaction between the laser radiation and the natural gas occurs. By tuning the laser, an absorption spectrum can be recorded by means of an intensity detector. The resulting spectra can also be used to quantify the individual gas components.
The advantage of both methods is the comparatively short measurement time in the range of seconds compared to gas chromatography. Water exhibits strong absorption lines in the spectral range mentioned, so that large cross-sensitivities can occur, which leads to considerable measurement deviations. Furthermore, there is a temperature dependency for both methods, which negatively influences the accuracy. For these reasons, field measurements are hardly possible.
A further spectroscopy method, which enables the detection of almost all natural gas components, is Raman spectroscopy (Kiefer et al., 2008; Dąbrowski et al., 2019; Petrov et al., 2022). This measurement technique based on the Raman Effect requires laser power in the Watt range, which makes it expensive and eye safety becomes an important issue. Furthermore, a set of calibration measurements are prerequisite to obtain reliable results under a wide range of measurement conditions.
One of the most recently published spectroscopic technologies for natural gas analysis is based on proton Nuclear Magnetic Resonance (NMR) spectroscopy (Duchowny et al., 2022). The advantage of this method is the high accuracy of the results, the relative error is less than 1% in relation to the GC reference. Measurements under different temperature and pressure conditions are also possible. Nevertheless, field measurements are hardly possible since a benchtop NMR, such as the Spinsolve 60 ULTRA NMR spectrometer from Magritek (Aachen, Germany), weighs 60 kg and measures 58 × 43 × 40 cm.
Recently, a sensor based on light-induced thermoelastic spectroscopy (LITES) was presented, that is capable of detecting natural gas main components. However, the measurements were limited to synthetic gas mixtures consisting of methane, ethane and nitrogen. The maximum methane share investigated was 10% (Zifarelli et al., 2023).
Photoacoustic spectroscopy is well known as an analytical method for the detection of trace gases in the sub-ppt to ppm range (Sigrist, 1995; Wang et al., 2022). The main advantage over purely optical absorption spectroscopy is that photoacoustic spectroscopy is an offset-free technique.
When modulated laser radiation hits molecules, which absorb the energy of the photons, complex intermolecular relaxation processes can occur. Subsequently, a thermal wave is generated, which leads to a pressure wave. This phenomenon is well known as the photoacoustic effect which is applied in photoacoustic spectroscopy. The resulting sound wave is typically amplified by means of an acoustic resonator and detected by a microphone (Palzer, 2020).
QEPAS (Quartz Enhanced Photoacoustic Spectroscopy) represents a special embodiment of PAS. In this case, the microphone is replaced by a quartz tuning fork, which typically has a Q-factor greater than 10,000 (Sampaolo et al., 2022). QEPAS has already been successfully used to study the relaxation processes of gas mixtures consisting of methane, ethane and propane, each with fractions in the lower percentage range (Menduni et al., 2022). First QEPAS measurements involving the simultaneous detection of synthetic natural gas-like mixtures consisting of methane, ethane, and propane under laboratory conditions were presented (Luo et al., 2022). The evaluation is based on the signal amplitude at discrete wavelengths. The measurements are so far limited to synthetic mixtures.
To the best of our knowledge, we developed the first photoacoustic analyzer that can determine the concentrations of methane, ethane and propane of real natural gas samples. The investigated natural gas originates from the house supply of Hamburg University of Applied Sciences (Hamburg, Germany). Furthermore, we have investigated a gas sample originating from a German natural gas storage. In this regard we also present a method for preparing gas samples of atmospheric pressure for the photoacoustic measurement.
Chapter 2 provides the relevant short-chain hydrocarbons absorption spectra and describes the measurement setup and the respective measurement procedure. The third chapter presents the measurement results, which are subsequently discussed in Chapter 4.
2 METHODS AND MATERIAL
2.1 Methane, ethane and propane absorption spectra
The analyzer is based on an interband cascade laser (ICL) emitting in the mid-infrared range. Figure 1 shows the normalized absorption spectra of methane, ethane and propane at room temperature (296 K) and atmospheric pressure (1013.25 hPa). The absorption cross-section coefficient of methane, ethane and propane are all of a similar order of magnitude in this spectral range. The center wavelength of the laser has been empirically selected to be 3324.15 nm and is displayed by the vertical dark line in the yellow box in Figure 2. To clearly identify several components of a gas mixture, it is necessary to analyze the spectrum in a specific range. For this purpose, the laser is spectrally tuned. The yellow box represents the laser tuning range whose spectral bandwidth is approximately 5.3 nm.
[image: Figure 1]FIGURE 1 | Absorption spectra of methane, ethane and propane (GEISA, 2022; Gordon et al., 2022).
[image: Figure 2]FIGURE 2 | Absorption spectra of methane, ethane and propane together with the laser tuning range (yellow box) and the laser center wavelength (GEISA, 2022; Gordon et al., 2022).
2.2 Measurement setup
The measurement setup is schematically shown in Figure 3. The ICL 3272 manufactured by nanoplus GmbH (Gerbrunn, Germany) emits radiation around 3323 nm with a spectral linewidth smaller than 20 MHz. The laser chip temperature can be varied between 20 and 30°C. Laser operating currents between 19 and 120 mA allow stimulated emission. For the operation of the ICL the Thorlabs (Newton, MA/USA) laser diode driver TLD001 and the temperature controller TTC001 are used. The TLD001 allows to set the laser current with an accuracy of 10 µA with a noise level below 3 µA rms. Installed in a TO66 housing, the ICL chip temperature is controlled using a temperature sensor and a Peltier element. The single-mode emission can be continuously tuned between 3318.41 nm and 3330.64 nm. Approximately 25 mW output power can be reached at maximum. The cylindrically symmetrical photoacoustic measurement cell, that the laser beam centrally passes, is designed according to the established H geometry boasting a longitudinal resonance around 3 kHz (Nodov, 1978). The photoacoustic signal is detected with the analog microphone ROM-2235P-HD-R from PUI Audio (Fairborn, OH/USA) which is mounted in the center of the cell, membrane flush with the wall. The microphone exhibits a diameter of 5.8 mm and a detection sensitivity of −35 ± 3 dB at 1 kHz and 50 cm distance. The temperature of the measurement cell is controlled by the A-senco (Aalen, Germany) temperature controller, which heats the cell to a constant temperature above the ambient temperature by means of two heating mats. The maximum heating power is 30 W. The demodulation is performed on a Texas Instruments (Dallas, TX/USA) TMS320C6713 digital signal processor (DSP) which is mounted on the Texas Instruments TMDSDSK6713 evaluation board. The laser current modulation is controlled by the digital signal processor as well. A PC is used to control laser diode driver, TEC controller and DSP. The photoacoustic signals calculated by the DSP are recorded by the PC as function of the average current. These spectra of known mixtures serve as basis for a PLSR model based on a MATLAB script, which can subsequently be used to calculate the concentrations of the single components of unknown mixtures.
[image: Figure 3]FIGURE 3 | Experimental setup.
The gas flow system for the generation of the calibration mixtures is schematically shown in Figure 4. The gas is provided in four containers:
- CH4: 10 L geometric volume, 200 bar filling pressure, purity: 2.5, distributor: Westfalen AG,
- C2H6: 1 L geometric volume, 12 bar filling pressure, purity: 2.0, distributor: Westfalen AG,
- C3H8: 1 L geometric volume, 7.3 bar filling pressure, purity: 2.5, distributor: Westfalen AG,
- N2: 10 L geometric volume, 200 bar filling pressure, purity: 5.0, distributor: Westfalen AG.
[image: Figure 4]FIGURE 4 | Gas flow system.
All gas mixtures for calibration are generated using the 4-channel gas mixer based on Vögtlin Instruments GmbH (Muttenz, Swiss) mass flow controllers (MFC), which are distributed by HTK Hamburg GmbH (Hamburg, Germany). The maximum relative error of a single MFC is specified to be up to 1%.
The validation measurements of the natural gas samples were carried out using the Shimadzu (Kyōto, Japan) GC 2014, which is equipped with an FID and a thermal conductivity detector (TCD). The relative measurement error is specified to be up to 2%.
The storage gas sample was provided by GEO-data (Garbsen, Germany) in a gas collection tube with a geometric volume of about 350 mL. The storage gas originates from a natural gas storage facility within Germany. Its preparation has been performed using the setup shown in Figure 5. A lecture bottle (geometric volume approximately 400 mL) was evacuated by the VACUUBRAND GmbH and Co. KG (Wertheim, Germany) Chemistry-HYBRID pump down to 0.1 mbar absolute pressure.
[image: Figure 5]FIGURE 5 | Storage gas preparation system.
The natural gas samples used are from Hamburger Energiewerke GmbH (Hamburg, Germany) and were obtained from the house gas connection of the Hamburg University of Applied Sciences.
2.3 Measurement procedure
At a constant temperature of 20°C, the ICL applied in this investigation is operated in the injection-current modulation mode. The injection-current consists of two parts. One part is continuously tuned between 66.00 and 120.12 mA covering a spectral range of approximately 5.3 nm. The other part is sinusoidally modulated with an amplitude of 1.18 mA which corresponds to a spectral range of approximately 0.1 nm.
The temperature of the measurement cell is set and controlled to constant 30°C by the temperature controller.
The microphone signal is sampled at a sampling rate of 44.1 kHz. The recorded spectra consist of 315 points, with each spectral component calculated from 1,500 samples. The demodulation of the microphone signal on the DSP, based on the Goertzel algorithm, is performed at the injection-current modulation frequency at 3,528 Hz (Engelberg, 2008). The resulting spectra correspond approximately to the first derivative of the absorption spectra, which emphasizes the changes in the absorption coefficient, induced by changes in the single gas concentrations.
Figure 6 shows exemplary photoacoustic spectra, i.e., the PA signals as function of the average laser current after the Goertzel algorithm based demodulation on the DSP. All measurements were taken at a sample (cell) temperature of 30°C and a pressure of 1,013 hPa.
[image: Figure 6]FIGURE 6 | Exemplary photoacoustic spectra of natural gas and storage gas measured on 28 June 2023 and 29 June 2023, respectively.
The investigation of complex gas mixtures such as natural gas requires a multivariate approach to determine the methane, ethane and propane shares. As shown in previous investigations, Partial Least Squares Regression (PLSR) proved to be suitable for this task (Menduni et al., 2022). Reference calibration measurements of the photoacoustic sensor are required to predict the individual shares of the natural gas samples with a high precision and reliability. A training data set of 20 different mixtures has been used, all concentrations are uniform distributed. All calibration gas mixtures consist of methane, ethane and propane. The calculation of the PLSR model is performed on the PC. The magnitudes of the spectrum represent the predictor scores and the corresponding known concentrations provide the response scores. The beta-parameters are the result of the PLSR model calculation, which are the basis for the prediction of gas mixture compositions. By multiplication and summation operations of the beta-parameters with the spectra of unknown mixtures, the concentrations of its hydrocarbon components are calculated (Rosipal and Krämer, 2006).
A complete measurement run including calculation of the unknown hydrocarbon concentrations of a gas mixture requires approximately 12 s.
The filling and purging of the measuring cell are carried out as shown in Figure 4 using gas samples with overpressure relative to the atmosphere. If the gas samples do not have an overpressure, they must be prepared according to Figure 5. In this case, a lecture bottle is evacuated. The pressure in the system is less than 0.5 mbar absolute pressure when evacuated. The valve of the gas collection tube is subsequently opened and a constant pressure lower than the ambient pressure is established in the system. To generate the necessary overpressure relative to the atmosphere, the lecture bottle is then filled with nitrogen up to 4 bar above atmospheric pressure. This procedure allows a sample preparation adequate for the measurement cell. The concentration ratios of the single hydrocarbons, except for nitrogen, remain unchanged.
For GC analysis, the samples are injected into the GC by means of a dosing loop which, in conjunction with a valve circuit, dispenses the analyte onto the packed column. After 12 min retention time the measuring results of the TCD and the FID are available. The evaluation of the chromatograms is based on calibration curves, which were measured using the following calibration gases:
- Methane: 2.5%, 50%, 100%
- Ethane: 0.85%, 1%, 100%
- Propane: 0.85%, 100%
- Nitrogen: 100%
The residual gases are in all cases nitrogen.
3 RESULTS
Table 1 lists all gas samples that were investigated. The natural gas samples of the supplier Hamburger Energiewerke GmbH have been investigated at three different times. Due to the ambient pressure of the storage gas sample, it had to be prepared and diluted as described in Section 2.3 using the setup shown in Figure 5. PAS did not detect any propane in this sample and the GC result was “less than 1‰“.
TABLE 1 | Analysis results.
[image: Table 1]Figures 7A, B show the true and the predicted shares for methane and ethane exemplarily. The absolute root mean square errors (RMSE) for the methane, ethane and propane concentrations in Figure 7A are 1.34%, 0.19% and 0.13%, respectively. The absolute RMSE for methane and ethane concentrations in Figure 7B are 0.29% and 0.03%, respectively.
[image: Figure 7]FIGURE 7 | (A) Results of the leave-one-out cross-validation of natural gas (propane is hidden for clarity). (B) Results of the leave-one-out cross-validation of storage gas.
The number of training data sets significantly influences the absolute RMSE. Figure 8 illustrates this relationship.
[image: Figure 8]FIGURE 8 | Absolute RMSE as function of the number of training data sets.
4 DISCUSSION
Figure 6 shows an exemplary photoacoustic spectrum. It does not perfectly correspond to the derivative of the absorption spectrum, due to the nonlinear spectral behavior of the injection-current modulation and the missing normalization regarding the laser output power.
As shown in Tab. 1, the PAS results are in good agreement with the GC results. If we consider that the GC exhibits a relative error of up to 2%, the agreement can be described as excellent.
As displayed in Figure 8, an increase of the number of training data sets leads to a significantly decreasing absolute RMSE. Notwithstanding only a relatively low number of 20 training data sets were used for this investigation, accurate results could be achieved. A further increase of the number of training data sets would further decrease the error.
The natural gas analysis on 28 June 2023 delivered a methane concentration of 85.03% (PAS) and 85.10% (GC), respectively (see Tab. 1). Both values do not agree with the 91.95% officially published by Gasnetz Hamburg GmbH (Hamburg, Germany) for this month (Gasnetz Hamburg GmbH, 2023). The true value is almost 7% smaller than the value used for invoicing.
In conclusion it can be stated that, photoacoustic spectroscopy in combination with PLSR is a suitable method for analyzing natural gas samples as well as storage gas samples in a wide dynamic range. Due to the short analysis time of approximately 12 s and the absence of any operating gases, the presented PAS-based sensor could be further developed into an alternative to GC that is attractive in terms of price and performance.
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Introduction: We here describe a new method for distinguishing authentic Bletilla striata from similar decoctions (namely, Gastrodia elata, Polygonatum odoratum, and Bletilla ochracea schltr).
Methods: Preliminary identification and analysis of four types of decoction pieces were conducted following the Chinese Pharmacopoeia and local standards. Intelligent sensory data were then collected using an electronic nose, an electronic tongue, and an electronic eye, and chromatography data were obtained via high-performance liquid chromatography (HPLC). Partial least squares discriminant analysis (PLS-DA), support vector machines (SVM), and back propagation neural network (BP-NN) models were built using each set of single-source data for authenticity identification (binary classification of B. striata vs. other samples) and for species determination (multi-class sample identification). Features were extracted from all datasets using an unsupervised approach [principal component analysis (PCA)] and a supervised approach (PLS-DA). Mid-level data fusion was then used to combine features from the four datasets and the effects of feature extraction methods on model performance were compared.
Results and Discussion: Gas chromatography–ion mobility spectrometry (GC-IMS) showed significant differences in the types and abundances of volatile organic compounds between the four sample types. In authenticity determination, the PLS-DA and SVM models based on fused latent variables (LVs) performed the best, with 100% accuracy in both the calibration and validation sets. In species identification, the PLS-DA model built with fused principal components (PCs) or fused LVs had the best performance, with 100% accuracy in the calibration set and just one misclassification in the validation set. In the PLS-DA and SVM authenticity identification models, fused LVs performed better than fused PCs. Model analysis was used to identify PCs that strongly contributed to accurate sample classification, and a PC factor loading matrix was used to assess the correlation between PCs and the original variables. This study serves as a reference for future efforts to accurately evaluate the quality of Chinese medicine decoction pieces, promoting medicinal formulation safety.
Keywords: Bletilla striata, data fusion, electronic senses, feature extraction, PLS-DA, GC-IMS, authenticity, species
1 INTRODUCTION
Bletillae Rhizoma refers to the dried tuber of the plant Bletilla striata. It has a long history of use in medicines due to its pharmacological activities, which include hemostatic, gastric mucosal protective, anti-ulcer, antibacterial, anti-inflammatory, and wound healing functions (Li et al., 2014; Posocco et al., 2015; Zhou et al., 2023). Bletillae Rhizoma is also commonly used as a biomedical or cosmetic raw material (Luo et al., 2010; Ding et al., 2016; Jiang et al., 2017; Zhang et al., 2019b), a pharmaceutical excipient (Feng et al., 1995), and a component of industrial glue (Cui et al., 2017; Liao et al., 2019). Continuous discovery of Bletillae Rhizoma functions has gradually expanded its application scope and the market demand. However, B. striata plants are fastidious, and their reproductive rates are low under natural conditions (Jiang et al., 2022). Due to excessive collection by humans, wild B. striata resources are decreasing every year (Jin et al., 2017). As a result, B. striata is now listed as a second-class protected plant in the List of National Key Protected Wild Plants in China (Batch 2) (Zhang et al., 2019a). In recent years, due to high demand and limited availability of high-quality resources, raw B. striata materials and decoctions pieces on the market have become heterogeneous in quality. For example, B. striata materials are often mixed with the plants Bletilla ochracea schltr (Li et al., 2023), Gastrodia elata, or Polygonatum odoratum, which have some similar characteristics but differ in medicinal value from B. striata (Zhai et al., 2012). Thus, circulation of counterfeit B. striata products affects the clinical efficacy of B. striata decoction pieces and can compromise drug safety. It is therefore necessary to develop efficient, rapid, sensitive detection techniques to measure decoction piece quality.
At present, the primary methods of identifying B. striata include traditional manual identification, microscopic analysis, thin-layer chromatography (TLC), near-infrared spectroscopy, and DNA barcoding technology (Cai et al., 2020; Niu et al., 2020). These detection methods are based on modern analysis technologies and exhibit high accuracy, strong reliability, and precise detection. However, some such methods require complex pretreatments and can be prohibitively time-consuming and costly.
Artificial intelligence sensory technologies can be used to quantify multiple quality signals, including sensory information obtained from bionic sensory systems, and to perform pattern recognition for sample classification. This approach provides fast, accurate, comprehensive sample data, and has been widely used in detection and analysis of drugs and foods in the past (Lu et al., 2022; Gui et al., 2023). Data fusion technology consists in merging complementary information to obtain more data points; this technology was originally used in the military, but has gradually been applied in various types of quality evaluation of traditional Chinese medicine such as origin identification (Ru et al., 2019; Wang et al., 2021), species identification (Lan et al., 2020; Sun et al., 2020), quality control of production process (Zhang et al., 2022), and evaluation of preparation quality (Wang et al., 2017; Yan and Sun, 2018). Traditional Chinese medicines are complex in composition and the matrix elements utilized are diverse. Data fusion can organically integrate these types of multi-dimensional data. Furthermore, multi-class intelligent sensory data fusion can simulate traditional manual evaluations by combining visual, auditory, taste, and scent-based data, integrating complementary sensory information to improve identification accuracy. Indeed, several studies have clearly demonstrated the advantages of multi-intelligent sensory data fusion (Zhang et al., 2021b; Li et al., 2022; Hou et al., 2023; Wang et al., 2023).
Data fusion approaches include multiple levels: low, mid, and high. Mid-level fusion can avoid the disadvantages of the large data volumes used in low-level fusion algorithms, effectively reducing data dimensionality (Wang et al., 2019) to highlight key information and facilitate rapid modeling. There are many methods used for feature extraction in mid-level data fusion. In the present study, principal components (PCs) and latent variables (LVs) were used as feature variables and extracted with an unsupervised algorithm [principal component analysis (PCA)] and a supervised algorithm [partial least squares discriminant analysis (PLS-DA)]. Most previous studies have extracted PCs through whole-sample joint dimensionality reduction. However, that dimensionality reduction method reveals information about the validation dataset, jeopardizing accurate analysis of model generalizability. An improved dimensionality reduction method has therefore been developed based on the principle of PCA, enabling isolated dimensionality reduction in the calibration dataset and the validation dataset. This method uses a dimensionality reduction framework (standard deviation and variable boundary) that is consistent between the validation and calibration datasets. Some studies have found that features extracted by supervised algorithms are related to classification labels, which improves identification performance (Xue-Mei et al., 2018; Zhang et al., 2021a). We therefore compared classification results obtained from fused PCA and PLS-DA features.
Here, a mid-level data fusion strategy based on feature extraction was used to identify B. striata and related decoction pieces. First, four types of decoction pieces were manually identified based on the Chinese Pharmacopoeia and local standards. Differences in the volatile substances present in each type of decoction pieces were analyzed with gas chromatography (GC)–ion mobility spectrometry (IMS). Similarities in high-performance liquid chromatography (HPLC) fingerprints were calculated and response values from an electronic nose, eye, and tongue were analyzed. Using single-source data, models were constructed for authenticity and species identification using PLS-DA, support vector machines (SVM), and back propagation (BP)–neural network (NN) models. Features (PCs and LVs) were extracted using PCA and PLS-DA, respectively. Finally, using the feature fusion data, authenticity and species identification were conducted. Classification performance was compared between the two feature extraction methods and the contribution of each PC to sample identification was analyzed. Finally, the factor loading matrix was calculated for the PCs to explore the feature elements that most strongly influenced sample identification. Overall, our study provides a flexible and accurate method for quality evaluation of B. striata and other decoction pieces, promoting medicinal formulation safety.
2 MATERIALS AND METHODS
2.1 Samples
Samples of dried tubers were collected from the Chengdu lotus pond Chinese medicine market and from seven hospitals, including Zhengzhou Hospital of Chinese Medicine, the First Affiliated Hospital of Henan University of Chinese Medicine, the Henan Hospital of Chinese Medicine, and the Zhang Zhongjing Pharmacy. The samples comprised 45 batches of B. striata (BS), 30 batches of G. elata (GE), 30 batches of P. odoratum (PO), and 29 batches of B. ochracea schltr (BOS). Each batch consisted of 100 g of material (Figure 1).
[image: Figure 1]FIGURE 1 | Samples of (A) Bletilla striata, (B) Gastrodia elata, (C) Polygonatum odoratum, and (D) Bletilla ochracea schltr.
2.2 Sample identification
2.2.1 Pharmacopoeia- and local standard-based identification
A total of 134 samples were identified with the following methods: appearance analysis; microscopic identification; thin-layer chromatography (TLC) identification; moisture content; and ash content. These detection items were conducted as described in the BS section of the Chinese Pharmacopoeia (2020) and the BOS sections of the Sichuan Provincial Standards for Processing Chinese Herbal Pieces (2015), the Gansu Provincial Standards for Processing Chinese Herbal Pieces (2009), and the Gansu Provincial Standards for Chinese Medicinal Materials (2009).
2.2.2 GC-IMS identification
GC-IMS was performed with a FlavourSpec® flavor analyzer (GAS, Germany) equipped with analytical software including Laboratory Analytical Viewer (LAV), Reporter, Gallery Plot, and GC × IMS Library Search. For each sample, 1.0 g of crude powder was accurately weighed and placed in a 20-mL headspace bottle. The powder was incubated at 80°C for 20 min before injection into the flavor analyzer. Each sample was injected twice in parallel. The headspace injection conditions were as follows: incubation temperature, 80°C; incubation time, 20 min; incubation speed, 500 rpm; injection needle temperature, 85°C; injection volume, 500 μL. For GC, an FS-SE-54-CB-1 chromatographic column of 15 m in length was used; the column temperature was 60°C. The carrier gas flow volume was as follows: 0–2 min, 2 mL·min−1; 2–20 min, 2–100 mL·min−1; and 20–30 min, 100 mL·min−1. For IMS conditions, the carrier and drift gas were N2, the temperature was 45°C, and the drift gas flow rate was 150 mL·min−1. The NIST and IMS databases included with the instrument software were used to identify the volatile organic compounds present in the samples, then the abundances of the volatile organic compounds were analyzed with the Reporter and Gallery Plot functions.
2.3 HPLC
Reference standards of militarine and gastrodin (both with purity ≥98%) were obtained from Shanghai Yuanye Biotechnology Co., Ltd (catalog number K18O9B72711) and the National Institute for Food and Drug Control (batch number 110807—201809), respectively. B. striata reference medicinal materials were obtained from the National Institute for Food and Drug Control (batch number 121261—201706). Ethanol (Tianjin Yongda Chemical Reagent Co., Ltd.), methanol (Merck KGaA, 64271 Darmstadt, Germany), acetonitrile (Merck KGaA, 64271 Darmstadt, Germany), and phosphoric acid (Beijing DiKMA Technology Co., Ltd.) was chromatographic pure.
For each of the 134 samples, a sufficient volume was crushed through a No. 4 sieve to produce at least 2.0 g powder, which was accurately weighed and placed in a 50-mL stoppered bottle. 40 mL dilute ethanol (concentration: 52.9%) was added to each sample. The total mass was weighed, then ultrasonic extraction was performed for 30 min at 200 W and 40 kHz. Samples were filtered and the filtrate was concentrated until the ethanol was not detectable by taste. The residue was dissolved in 3% acetonitrile in water, centrifuged for 10 min, then filtered through a 0.45 μm microporous membrane. The resulting filtrates were used in HPLC fingerprint analysis, which was performed on UltiMate-3000 HPLC instrument [Thermo Fisher Scientific (ChinaCo., Ltd.] equipped with an ultraviolet detector. The chromatographic column was a Shim-pack GIST C18-AQ (250 mm × 4.6 mm, 5 μm). Mobile phase A was 0.1% aqueous phosphoric acid solution and mobile phase B was acetonitrile. Before use, the mobile phases were degassed and filtered through a 0.2 μm microporous filter membrane. The gradient elution program was as follows: 0–5 min, 5%–20% A; 5–10 min, 20%–24% A; 10–20 min, 24%–31.5% A; 20–25 min, 31.5%–35% A; 25–30 min, 35%–42% A; 30–45 min, 42%–60% A. The flow rate was 1.0 mL/min, the column temperature was 30°C, the injection volume was 10 μL, and the detection wavelength was 280 nm.
2.4 Electronic sensory signal acquisition
2.4.1 Electronic nose
Olfactory information was collected using 10 types of metal oxide sensors (W1C, W5S, W3C, W6S, W5C, W1S, W1W, W2S, W2W, and W3S) in a PEN3 portable electronic nose (AIRSENSE, Germany). For each of the 134 samples, there were three replicates of 2 g of powder each. Based on data from our pre-experimental results, the samples were tested after incubating at room temperature in a covered container for 30 min. The sampling time was 80 s, the cleaning time was 80 s, the sensor zeroing time was 5 s, the sample preparation time was 5 s, and the air intake flow rate was 400 mL·min−1. The resulting olfactory data were used to construct the olfactory information matrix X1 (134 × 10).
2.4.2 Electronic eye
The IRIS VA400 electronic eye was used to collect visual data from the samples. Samples of an area of about 10 × 10 cm2 were randomly selected and placed on A4 white paper. Top lighting conditions were selected based on pre-experimental results. A 24-color plate was used for color correction. The electronic eye used a 5-mm aperture and the upper and lower backlights were used simultaneously to eliminate the background. Three separate images were taken of each sample with the position of the slices changed between images. The resulting visual data, obtained with 85 sensors, were used to construct the visual information matrix X2 (134 × 85).
2.4.3 Electronic tongue
Taste information was collected from each of the 134 samples using the TS-5000Z Insent electronic tongue (Ensoul Technology LTD. Electronic tongue sensors include Sourness, Bitterness, Astringency, Aftertaste-B, Aftertaste-A, Umami, Richness and Saltiness.). For each sample, 2 g was weighed out and crushed in an electric homogenizer for 15 s. The resulting powder was placed in a 100-mL beaker with an appropriate volume of purified water. After stirring, samples were incubated at room temperature without perturbation for 5 min. The samples were subsequently filtered, sterilized and poured into a special cup to be tested by the electronic tongue. The electronic tongue sensor was cleaned in a cleaning solution for 90 s, in a reference solution for 120 s, and in a different reference solution for 120 s. The sensor started to collect sample information after the response value stabilized at 0 for 30 s. The acquisition time of the beforetaste value of each sample was 30 s, the sensors were then cleaned for 3 s in the two reference solutions. Finally, the sensors were inserted into the new reference solution to collect data for 30 s and the aftertaste value was exported. This cycle was repeated four times; data from the first cycle were removed and the average value was calculated from the last three cycles. The resulting taste data, obtained from eight sensors, were used to construct the taste information matrix X3 (134 × 8).
2.5 Construction of authenticity and species identification models based on single-source data
To eliminate randomness and ensure model stability, the Kennard-Stone algorithm was used to divide samples of the four species into a calibration set (100 samples) and a validation set (34 samples). The linear classifier PLS-DA, the nonlinear classifier SVM, and BP-NN were used to establish authenticity identification (binary classification) models based on data from the electronic nose, electronic tongue, electronic eye, and HPLC. Model performance was evaluated in terms of accuracy in the calibration set with cross-validation and accuracy in the validation set. Because the program used for SVM could not be used for multi-classification problems, only the PLS-DA and BP-NN algorithms were used to establish multi-class species identification models. The performances of these models were evaluated as described for the authenticity identification model.
PLS-DA is a discriminant method based on partial least squares regression that can be used for dimensionality reduction, classification, and prediction. The algorithm allows determination of whether a given sample belongs to a specific predefined category (Ballabio and Consonni, 2013; Borraz-Martínez et al., 2019). It can transform input data into a set of linear latent variables for classification problems. SVM and BP-NN are nonlinear classifiers based on a kernel function and a large number of neurons, respectively. Both algorithms are widely used in the field of machine learning. SVM is used to identify an optimal decision boundary (a classification hyperplane) and uses a kernel function to map input samples to high-dimensional space for linear separable or non-separable problems (Chauhan et al., 2019). Because the radial basis kernel function of SVM has the advantages of local feature expression and strong learning abilities (Gao et al., 2008), we selected this kernel function. BP-NN is based on abstraction and simulation of the basic characteristics of the human brain or a natural neural network. It includes input, output, and hidden layers. The addition of a momentum term can accelerate the algorithm’s learning speed and avoid the oscillation caused by a high convergence speed (Zheng, 2005). The number of hidden-layer neurons is determined by the specific problem to which it is applied. A greater number of hidden-layer neurons is associated with higher accuracy but reduced generalizability. Furthermore, a smaller number of neurons can reduce the network cost. These parameters usually require a series of repeated tests for optimization.
2.6 Feature extraction
Feature extraction was carried out with both PCA and PLS-DA. Improved PCA-based feature extraction was performed in a home-made program designed in MATLAB. First, the PC scores of the calibration samples from each data source were extracted. The validation set was then added to the calibration set for simultaneous standardization of the entire dataset. Standardization was performed with the z-score method (Formula 1):
[image: image]
[image: image] refers to the number in the ith row and the jth column. [image: image] refers to the number after standardization in the ith row and the jth column; [image: image] refers to the average value of the number in jth column; [image: image] refers to the standard deviation of the number in jth column.
The standardized data in the validation set were then inserted into the linear expression of each PC (Formula 2) to obtain the PC scores of the validation set:
[image: image]
[image: image] refers to the scores of ith principal component; [image: image], [image: image], …, [image: image] refers to eigenvector; [image: image], [image: image], …, [image: image] refers to the number value of the sample in the first, second, …, mth original variables.
For feature extraction based on PLS-DA, the latent variable scores of the calibration set and the validation set were obtained in the process of algorithm operation.
PCA can be used to transform multiple variables into a small number of comprehensive variables, represented by PCs, through dimensionality reduction. The PCs are linear combinations of the original variables that collectively reflect most of the information contained in the original variables. LVs can likewise explain most of the variance of the original data. Here, the PCs selection principle was explanation of more than 90% of the variance in the original data; the selection principle of LVs was determined with leave-one-out cross-validation. The PC and LV scores were used as the input variables for subsequent data analysis.
2.7 Construction of authenticity and species identification models with fused data
Using the sample identification results and the features extracted as described in Section 2.6, PLS-DA, SVM, and BP-NN authenticity identification fusion models and PLS-DA and BP-NN species identification fusion models were constructed. Model performance was evaluated as described in Section 2.5.
2.8 Model analysis
Wilk’s lambda value represents the ratio of intra-group variation to inter-group variation in a calibration dataset (Yue et al., 2019). A smaller value corresponds to a stronger discriminant ability in a given variable. The factor loading represents the correlation coefficient between PCs and original variables, reflecting the closeness and direction of the relationship between the types of data. Thus, the correlation between each PC and each original variable can be understood through the factor loading matrix. Here, using Wilk’s lambda value, we identified PCs with large contributions to classification in the fusion models. The factor loading of each feature was calculated as follows to analyze the key features affecting sample identification (Formula 3):
[image: image]
where [image: image] is the eigenvalue of the ith PC and [image: image] is the coefficient of the original variable [image: image].
3 RESULTS AND DISCUSSION
3.1 Sample identification
3.1.1 Identification based on the pharmacopoeia and local standards
We first analyzed 134 dried tuber samples as set forth in the Pharmacopoeia and with microscopic, TLC, moisture content, and ash content analysis. Based on these analyses combined, 45 batches of B. striata decoction pieces met the standards for classification as BS on the Chinese Pharmacopoeia (Part I) and did not meet the standards for classification as BOS based on the Sichuan Provincial Standards for Processing Chinese Herbal Pieces, the Gansu Provincial Standards for Processing Chinese Herbal Pieces, or the Gansu Provincial Standards for Chinese Medicinal Materials. Similarly, 30 samples each of GE and PO decoction pieces did not meet the standards for classification as BS; they were positively identified as authentic GE and PO, respectively. However, many of the 29 batches of BOS not only met the standards for classification as BOS, but also met the standards for classification as BS. Specifically, the traits of BOS samples 106–120 were essentially identical to those of BS. However, samples 121–134 were highly wooded and had a significantly different texture than BS, thus meeting local standards for classification as BOS. There was extremely high similarity in TLC results between the 29 BOS batches and the control medicinal samples of BS, making it difficult to distinguish between the two sample types. Microscopic characteristics were consistent between the 29 BOS batches and the BS samples, displaying the characteristic “epidermal cells with wavy curved walls, calcium oxalate needle crystal bundles, catheters, fiber bundles and gelatinized starch granules” described in Pharmacopoeia. However, the microscopic background was more turbid in BOS than in BS samples. Overall, the moisture contents of 134 samples ranged from 6.10% to 12.75% and the ash contents ranged from 1.22% to 4.39%, consistent with expectations based on the Pharmacopoeia.
3.1.2 GC-IMS identification
We next analyzed the levels of volatile organic compounds in each sample with GC-IMS. Sample 34 (BS), sample 49 (GE), sample 79 (PO), and sample 108 (BOS) were randomly selected for comparison of the two-dimension vertical view plot of BS with the vertical view plots of the other sample types (Figure 2). In Figure 2, the ordinate represents the GC retention time and the abscissa represents the normalized ion draft time. The red vertical line at abscissa = 1.0 is the normalized reactive ion peak (RIP). Each point on the right side of the RIP peak represents one type of volatile organic compound. Concentrations are indicated with color depth. The results clearly showed significant differences in both the types and abundances of volatile organic compounds between BS and other three types of decoction pieces.
[image: Figure 2]FIGURE 2 | Vertical view plot of four types of decoction pieces [BS, GE, PO, and BOS] based on GC-IMS.
We first compared the fingerprints of BS and GE (Figure 3A). In regions A and B, levels of volatile compounds were higher in BS. Specifically, BS had an increased abundance of butyraldehyde, 3-methylbutyric acid, 2,3-pentanedione, 4-methylthiazole, 2-butanone, 2-heptenal, 2-hexenal (monomer), 2-hexenal (polymer), and several unknown compounds compared to GE. Region C shows volatile compounds that were more abundant in GE than in BS, namely, ethyl propionate, 3-pentanone, acetone, acetic acid, 2,3-butanedione, 2-methyl-1-pentanol, furfural (monomer and dimer), phenylacetaldehyde, 2-methylbutanal, 5-methylfurfural, and 2-furanmethanol (monomer and dimer).
[image: Figure 3]FIGURE 3 | GC-IMS fingerprints of BS compared to (A) GE, (B) PO, and (C) BOS.
Comparison of fingerprints between BS and PO (Figure 3B) showed numerous volatile compounds that were more abundant in BS (regions A and B): 2,3-pentanedione, 4-hydroxy-2,5-dimethyl-3 (2H) furanone (dimer), methylheptenone, furfuryl alcohol (monomer), trans-2-nonenal, 2-heptanone, 4-methyl-2-pentanone (dimer), and some unknown compounds. However, compounds including 1-octen-3-ol, furfuryl mercaptan, cis-2-penten-1-ol, isovaleric acid, 3-octanone, 5-methylfuranaldehyde, camphene, and ethyl acetate were more abundant in PO (region C). Finally, the fingerprints of BS and BOS were compared (Figure 3C). Overall, the volatile organic compounds were similar in both identity and abundance between the two types of decoction pieces, although there were subtle differences. Regions A–F show compounds (including 2,3-pentanedione, furfuryl mercaptan, 3-hydroxy-2-butanone, 3-methyl-3-buten-1-ol, 4-methylthiazole, methylheptenone, 4-hydroxy-2,5-dimethyl-3 (2H) furanone [dimer], and 1-penten-3-one) that were more abundant in BS than in BOS. Regions G–I show compounds that were significantly more abundant in BOS than in BS, including benzaldehyde (dimer), eucalyptol, ethenyl acetate, 5-methyl-2-furanmethanol (monomer and dimer), 2,3-butanedione, isobutanol, and 4-methyl-2-pentanone (monomer). Thus, the integrated results of the Pharmacopoeia, local standards, and GC-IMS positively identified samples 1–45 as BS, samples 46–75 as GE, samples 76–105 as PO, and samples 106–134 as BOS, consistent with the known identities of the samples.
3.2 HPLC fingerprinting
Each sample was next analyzed with HPLC fingerprinting (Figure 4). Based on reference samples, peak 3 in the control fingerprint (Supplementary Figure S1) of BS was gastrodin and peak 14 was militarine. There were significant differences in the fingerprints of BS, GE, and PO samples. The 45 batches of BS were used as representative samples to generate a control fingerprint. Using the control fingerprint as a reference, the similarities of the 134 batches of decoction pieces were calculated with the common peak weighting method; militarine and other components were weighted as 2.5 and 1, respectively. The fingerprints of the 45 BS, 30 GE, 30 PO, and 29 BOS batches showed similarities of 0.88–0.98, 0.2–0.34, 0.1–0.2, and 0.7–0.88, respectively. Thus, the fingerprint similarities differed considerably between the four types of decoction pieces. Precision: S14 solution was continually injected 6 times according to the above chromatographic conditions. The RSD of relative retention time and relative peak area of 8 common peaks measured with militarine as the reference peak was both ≤0.1%. Repeatability: 6 batches of identical S14 solution were injected according to the above chromatographic conditions. The RSD of relative retention time and relative peak area of 8 common peaks measured by militarine as reference peak were ≤0.1% and ≤2.3%, respectively. Stability: S2 solution was injected at 0, 2, 4, 8, 12 and 24 h after preparation according to the above chromatographic conditions. The RSD of relative retention time and relative peak area of 8 common peaks measured with militarine as the reference peak was 0.1% and 0.3%, respectively, indicating that the sample solution was stable within 24 h.
[image: Figure 4]FIGURE 4 | HPLC fingerprints of 134 batches of decoction pieces. Data are shown for (A) BA, (B) GE, (C) PO, and (D) BOS.
3.3 Electronic sense signals
All 134 samples were analyzed with an electronic nose, an electronic tongue, and an electronic eye. Most of the samples had the highest response for the electronic nose sensors W1W, W2W, and W1S, followed by W5S and W2S (Figure 5A). Notably, the response values at sensors W5S and W2S were significantly higher for BOS than for BS samples. Most of the samples had low response values at sensors detecting alkanes and hydrogen gases (e.g., W3S and W6S) and aromatic compounds (e.g., W1C, W5C, and W3C). In the electronic tongue sensor detection, Bitterness, Astringency, Aftertaste-B, and Umami showed the greatest differences between sample types (Figure 5B). The bitterness and astringency response values were relatively low in BS samples but very large in some BOS samples. Other BOS samples showed high similarity to BS samples, indicating extensive heterogeneity among the 29 BOS batches. The results also showed significantly stronger astringency in PO compared to BS samples. Across all samples, the electronic eye detected the strongest color values at numbers 3784, 3785, 3786, 3767, 3494, 3512, 3513, 2677, 3221, 3222, 2949, 2967, and 3240 (Figure 5C). These corresponded to moderate yellow and light yellowish brown sample colors.
[image: Figure 5]FIGURE 5 | Response values of the electronic (A) nose, (B) tongue, and (C) eye devices for samples of BS (S1–S45), GE (S46–S75), PO (S76–S105), and BOS (S106–S134).
3.4 Authenticity identification models
3.4.1 Models built with electronic nose data
The PLS algorithm was used to convert the electronic nose data into linear LVs. Six LVs were then used to establish a PLS-DA model with good performance. These first six LVs explained 99% of the total variance among the samples. For the first two LVs, there were some similarities between BS and counterfeit samples (Figure 6A). In the calibration set, the BS samples S34 and S44 were misclassified, and S76 (PO) was misclassified as BS (Table 1). In the validation set, S57 (GE) was misclassified as BS. Misclassification of the samples may have been due to differences in volatile components compared to other samples resulting from changes in temperature and humidity during transportation and storage. Overall, the model accuracy was 97% in the calibration set and 97.06% in the validation set. The model sensitivity (Se) and specificity (Sp) were 0.94 and 0.98, respectively. This indicated that electronic nose data could be used to accurately distinguish between BS and similar decoction pieces.
[image: Figure 6]FIGURE 6 | Score plots of single-source PLS-DA authenticity and counterfeit identification model based on (A) electronic nose, (B) electronic tongue, (C) electronic eye and (D) high-performance liquid chromatography. Class1, BS; class2, counterfeit species (GE, PO, and BOS).
TABLE 1 | Authenticity identification results and model parameters [Se = TP/(TP + FN); Sp = TN/(TN + FP); Ac = TP/(TP + FP); TP: true positive; FP: false positive; TN: true negative; FN: false negative].
[image: Table 1]We next optimized the kernel parameter and cost values, which were initially 0.05 and 0.1, respectively (Supplementary Figure S2). The error rate in cross-validation changed along with the kernel parameters and cost values, and we selected the combination that produced the lowest error rate and highest accuracy (kernel parameter = 1.13, cost value = 10). The model was run again with the optimized parameters. In the calibration set, S28, S34, and S44 (BS) were misclassified, whereas S64 (GE), S83, S86, and S101 (PO), and S121 (BOS) were misclassified as BS; in the validation set, S30, S81, S82, and S128 were misclassified. Thus, the accuracy was 92% and 88.24% in the calibration and validation sets, respectively. The model Se and Sp were 0.91 and 0.92, respectively. Visualization of the SVM classification hyperplane and decision boundaries (Supplementary Figure S3A) indicated that the performance of the model built with electronic nose data required improvement.
The optimized BP-NN model parameters were as follows: two hidden layers; 10 neurons per layer; learning rate = 0.01; momentum term = 0.5; 500 iterations. After 500 iterations of training, the model error rate was 0 (Figure 7A). In the calibration set, the BS samples S28 and S44 were misclassified; in the validation set, S82 was unassigned. Notably, these three samples were also misclassified or unclassified in the PLS-DA and SVM models, presumably due to differences in sample quality. The accuracy was 98% and 97.06% in the calibration and validation sets, respectively, and the Se and Sp were 0.94 and 1.0, respectively. Thus, the BP-NN model built with electronic nose data could be used to accurately distinguish between BS and related decoction pieces.
[image: Figure 7]FIGURE 7 | Training iterations and error rates of BP-NN authenticity and counterfeit model. Models were built with data from (A) an electronic nose, (B) an electronic eye, (C) an electronic tongue, and (D) HPLC.
3.4.2 Models built with electronic eye data
In leave-one-out cross-validation, the PLS-DA model performed best when using the first three LVs, which together explained 63% of the sample variance. The two types of samples (BS and others) had good aggregation in the first two LVs (Figure 6B). S84, S91, and S5 were misclassified. Analysis of the original samples suggested that they may have been misclassified because they had slightly different surface color characteristics compared with other samples. The accuracy was 98% and 97.06% in the calibration and validation sets, respectively, and the Se and Sp were 1.0 and 0.97, respectively.
The SVM model had the lowest error rates when the kernel parameter was 1.6, 2.26, 3.2, or 4.53 and the corresponding cost value was 1, 1, 1, or 0.1, respectively; these parameter combinations produced accuracies of 96%, 99%, 99%, and 96%, respectively. Larger kernel parameter and cost values were associated with smaller numbers of support vectors (Supplementary Figure S4). The role of a support vector is to determine the optimal classification hyperplane. The number of support vectors is affected by both the penalty parameter c and the kernel parameter g (Yang and Gao, 2020). A larger c corresponds to fewer support vectors, higher model accuracy, a smaller occupied network space, and faster prediction speeds. The number of support vectors was smallest (51) when the kernel parameter was 3.2 and the cost value was 1. This model was therefore selected for further analysis. Using these parameters, S91 and S5 were misclassified in the calibration and validation sets, respectively; Ac was 99% and 97.06% in the calibration and validation sets, respectively; Se and Sp were 1.0 and 0.98, respectively.
Because there were 85 color values detected by the electronic eye and the input variables were large, the number of hidden-layer neurons in the BP-NN model needed to be optimized for these data. Too many hidden-layer neurons will weaken model generalizability and increase network operation costs. After optimization, the parameters were as follows: three hidden layers; 10 neurons per layer; learning rate = 0.01; momentum term = 0.5; 500 iterations. When the number of training iterations was 500, the model error rate was 0 (Figure 7B). However, S5 was still misclassified in the validation set. This sample comprised irregular thick slices with sections of white, gray-white, and brown; thus, the sample characteristics were different from the irregular thin slices and white color of the 44 other BS samples. In the validation set, S116 was misclassified. Ac was 99% and 97.06% in the calibration and validation sets, respectively and the model Se and Sp were 1.0 and 0.98, respectively.
3.4.3 Models built with electronic tongue data
The PLS-DA model performed best when it was built with four LVs that explained 83% of the sample variance (Figure 6C). S3 and S60 were misclassified in the calibration and validation sets, respectively. BS and non-BS samples showed some similarities in the variance of the first two LVs. The Se and Sp of the model were 0.97 and 1, respectively, and the classification performance was good.
In cross-validation, the SVM model error rate was smallest when the kernel parameter was 0.4, 0.57, 0.8, 1.6, or 3.2, and the corresponding cost value was 1, 1, 1, 10, or 1, respectively. Model accuracy was highest (90% and 94.12% for the calibration and training sets, respectively) at kernel parameter = 0.57 and cost value = 1. Using this model, there were seven and three misclassified BS and GE samples, respectively, in the calibration set. In the validation set, S10 and S67 were misclassified. Se and Sp were 1.0 and 0.98, respectively. The classification result showed that when the SVM classifier performed pattern recognition on the electronic tongue data, the relationship between the recognition mechanism and the differences in electronic tongue data demonstrated a need for further optimization.
The optimal BP-NN model contained two hidden layers and five neurons per layer; it had a learning rate of 0.01, a momentum term of 0.3, and was trained for 500 iterations. In the calibration set, the accuracy was 98%, S15 was unassigned, and S53 was misclassified. S48 was misclassified in the validation set (Ac: 97.06%). After 500 iterations of training, the error rate was 0 (Figure 7C). Model accuracy increased the most when the momentum term was gradually increased from 0.2 to 0.5 while other parameters were unchanged. However, when the momentum term was increased from 0.4 to 0.5, the accuracy decreased due to an increase in the number of unclassified samples. This indicated that a larger momentum term was not well suited for model classification and that parameters in the BP-NN model should be further optimized. The model Se and Sp were 1.0 and 0.98, respectively.
3.4.4 Models built with HPLC data
The first 12 LVs, which could explain 89% of the sample variance, were selected to construct a PLS-DA model. In the calibration set, S41 and S119 were misclassified, but the accuracy in the validation set was 100% (Figure 6D). The model Se and Sp were 0.97 and 0.98, respectively, and the classification performance was good. For the SVM model (Supplementary Figure S3D), accuracy was highest (94% and 100% in the calibration and validation sets, respectively) when the kernel parameter was 9 and the cost value was 1. The model Se and Sp were 0.85, 0.98, respectively. The optimized BP-NN model contained two hidden layers and 10 neurons per layer; the learning rate was 0.1, the momentum term was 0.5, and it was trained for 500 iterations, producing an error rate of 0 (Figure 7D). There were five misclassified samples in the calibration set with Ac of 95%, but the validation set accuracy was 100%. The model Se and Sp were 0.91, 0.97, respectively. The high accuracy in the validation set may have been because there were extensive differences in the HPLC data between the four types of decoction pieces; especially when the sample size was small, this could correspond to clear difference between sample types. Thus, for the HPLC data, the accuracies of both the linear and nonlinear classifiers were 100% on the validation set.
3.4.5 Models built with mid-level fused data
The PC scores of the electronic sensor and HPLC data were fused and models were built as described above. The accuracy of the resulting PLS-DA model was 100% for the calibration set, which was superior to the performance of the PLS-DA models constructed with single-source data. In the validation set, only S5 was misclassified (Ac: 97.06%). Se and Sp were 1.0, 1.0, respectively. The two sample types could be completely divided into two categories based on the first two LVs (Figure 8A); the aggregation trend was also superior compared to the models built with single-source data. This indicated that fused PCs (each explaining more than 90% of sample variance in the single-source data) could be used to accurately identify the two sample types while reducing the algorithm running speed. The optimal SVM model had a kernel parameter of 6.4 and cost value of 1; this produced a classification prediction probability of 1 for both sample types (Supplementary Figure S5), which was better than the corresponding SVM model for each single-data source. Model accuracy was also 100% when the kernel parameter was 2.26 or 9 and the cost value was 1, but the number of support vectors was larger in the former case and the classification prediction probability was lower in the latter case. Thus, a kernel parameter/cost value combination of 6.4/1 was selected. The classification hyperplane and support vectors of SVM model was shown in Figure 8C. In the validation set, S5 was misclassified (Ac: 97.06%). Se and Sp were 1.00, 1.00, respectively. The optimal BP-NN model built with the fusion data contained two hidden layers and 10 neurons per layer with a learning rate of 0.1, a momentum term of 0.4. It was trained for 500 iterations, producing a final error rate of 0 (Figure 9A). The area under the curve (AUC) of the receiver operating characteristic (ROC) was 1 (Figure 9B). In the calibration set, S120 was misclassified with Ac of 99.00%; S5 remained misclassified in the validation set with Ac of 97.06%. The model Se and Sp were 1.00, 0.98, respectively.
[image: Figure 8]FIGURE 8 | Results of models built with fused data. (A,B) PLS-DA score plots. (C,D) SVM classification hyperplanes and support vectors. (E) SVM parameter optimization. Models shown in (A,C) were built with fused PCs; models shown in (B,D,E) were built with fused LVs.
[image: Figure 9]FIGURE 9 | Performance of BP-NN authenticity and counterfeit model. (A) Training iterations and error rates for a model built with fused PCs. (B) Receiver operating characteristic (ROC) curves (left), sensitivity, and specificity (right) for a model built with fused PCs. (C) Training iterations and error rates for a model built with fused LVs. (D) ROC curves (left), sensitivity, and specificity (right) for a model built with fused LVs.
After fusing the LVs from each data source, all three model types could discriminate between samples better than the corresponding models trained on single-source data and performed comparably to or better than the models built with PC fusion data. The PLS-DA model showed 100% accuracy in both the calibration and validation sets, and Se and Sp were both 1. The two sample types could be completely separated on the first two LVs, and samples clustered together better than in the results of the models built with PC fusion data (Figure 8B). For SVM, the optimal parameter combination was kernel parameter = 9 and cost value = 1 (Figure 8E); this model had 33 support vectors (Figure 8D) and accuracy was 100% on both the calibration and validation sets. Se and Sp were 1.00, 1.00, respectively. The optimized BP-NN model had two hidden layers, 10 neurons per layer, a learning rate of 0.1, a momentum term of 0.3, and 500 iterations (final error rate = 0) (Figure 9C). Using this parameter combination, only S76 was misclassified. The AUC of ROC was 1, and the Se and Sp values at varying prediction probability thresholds showed that the Sp value increases when it is close to 0 and the Se value decreases when it is close to 1 and the area surrounded by the red and blue lines is also large, which indicated that the model had good classification performance (Figure 9D). The accuracy of the final model was 99%, with only one sample misclassified in the validation set and the model Se and Sp were 1.00, 0.98, respectively; this was superior to the classification results based on electronic nose or electronic tongue data alone.
3.5 Species identification
3.5.1 Models built with electronic nose data
Six LVs which can explain 99% of the sample variance were selected for construction of an optimal PLS-DA species identification model. The four sample types showed similarities in the variance represented by the first two latent variables (Figure 10A). S28 and S34 were misclassified in the calibration set. Because PLS-DA can divide samples only into predefined categories, this model was unable to identify specific samples; one, one, and four BS, GE, and PO samples, respectively, were unassigned. The accuracy was 92% in the calibration set, and Se and Sp were 0.94 and 1, respectively. There were four unassigned samples in the validation set. This indicated a need for further improvement of this model.
[image: Figure 10]FIGURE 10 | Single-source PLS-DA score plots of species identification model based on (A) electronic nose, (B) electronic tongue, (C) electronic eye and (D) HPLC. Class1, BS; class2, GE; class3, PO; class4, BOS.
The model identification criteria were strict in the BP-NN model because the samples were divided into four categories. This necessitated an appropriate increase in the number of hidden layers and the number of neurons in each layer. The final model contained three hidden layers with 10 neurons per layer and had a learning rate of 0.1, a momentum term of 0.3, and was trained for 500 iterations. In the calibration set, S28 was misclassified and S80 and S83 were unclassified and Ac was 97.00%. The model Se and Sp were 0.97, 1.00, respectively. In the validation set, two samples were misclassified and the overall accuracy was 94.12%.
3.5.2 Models built with electronic eye data
The first 13 LVs, which explained 95% of the sample variance, were selected to establish a PLS-DA model. The four sample types could be clearly distinguished in the two-dimensional plot, with GE and PO clustering relatively close to one another and BS and BOS samples also clustering near one another (Figure 10B). In the calibration set, S52, S63, and S91 were misclassified and seven samples were unclassified (Ac: 90%). In the validation set, S5, S11, and S48 were unassigned and S67 and S93 were misclassified (Ac: 85.29%). Se and Sp were 1.00, 0.98, respectively.
For the BP-NN model, the optimal parameter combination was two hidden layers, 15 neurons per layer, a learning rate of 0.1, a momentum term of 0.3, and 500 training iterations. In the calibration set, the accuracy was 98%; S23 was unclassified and S69 was misclassified. The model Se and Sp were 1.00, 1.00, respectively. The AUC-ROC was 1, indicating good parameter optimization (Supplementary Figure S6). Increasing the number of hidden layers from two to three while keeping the other parameters unchanged led to a sudden increase in the number of unclassified samples. This suggested that the multi-classification ability of the model could not be improved overall by only increasing the number of hidden layers.
3.5.3 Models built with electronic tongue data
To some extent, taste responses reflected the chemical composition of each sample. The electronic tongue data could therefore theoretically characterize the differences between the four types of decoction pieces better than the other sensory data types. Seven LVs accounting for a full 100% of the sample variance were used to build a PLS-DA model. Compared to the other two sensory data types, the number of unassigned samples decreased to one GE and two PO samples. There were no misclassified samples. Ac was 97.00% and 100% in the calibration and validation sets, respectively and Se and Sp were 1.0 and 1.0, respectively. Clustering based on just the first two LVs also showed good sample separation (Figure 10C); PO samples clustered far away from the other three sample types. BS, GE, and some BOS samples clustered close together, indicating that their tastes were similar. The clear distinction of the latter three sample types from PO was likely because PO is a member of the family Liliaceae, whereas the other three belong to the family Orchidaceae.
The optimal BP-NN model contained two hidden layers with five neurons per layer; the learning rate was 0.1, the momentum term was 0.4, and there were 500 iterations. In the calibration set, S29 and S53 were misclassified and S24, S79, S114 were unclassified (Ac: 95%). In the validation set, the accuracy was 97.06% and there was only one unassigned sample. The model Se and Sp were 0.97, 0.98, respectively. The error rate reached 0 after 500 iterations and the AUC-ROC was 1 (Supplementary Figure S7). This indicated that the selected parameters were appropriate for distinction between the four sample types.
3.5.4 Models built with HPLC data
A PLS-DA model was constructed from the first nine LVs, which explained 84% of the sample variance. There were four misclassified and four unclassified samples in the calibration set (Ac: 92%); in the validation set, the accuracy was 100%. Se and Sp were 0.94, 0.98, respectively. In the two-dimensional plot, the BS and BOS samples overlapped, whereas GE and PO samples could be clearly classified into two separate categories, distinct from the BS and BOS samples (Figure 10D). This was consistent with the high similarity between BS and BOS samples in the HPLC fingerprint data. The optimal BP-NN model built on these data had two hidden layers, 10 neurons per layer, a learning rate of 0.1, a momentum term of 0.5, and 500 iterations. There were nine misclassified samples in the calibration set, but the accuracy was 100% in the validation set. The model Se and Sp were 0.94, 0.97, respectively.
3.5.5 Models built with mid-level fused data
The PCs from the electronic sensor data were next fused with the PCs from HPLC data (Table 2). PLS-DA and BN-NN models built with the fused data had improved classification abilities compared to the corresponding models built with single-source data. The PLS-DA model was constructed with the first five LVs. The accuracy in the calibration set was 100%; in the validation set, S5 was still misclassified (Ac: 97.06%). Se and Sp were 1.00, 1.00, respectively. In the variance represented by the first two LVs, the four sample types could be clearly distinguished, although BS and GE were close together (Figure 11A). The optimal BP-NN model had three hidden layers, 10 neurons per layer, a learning rate of 0.1, a momentum term of 0.4, and 500 iterations. After data fusion, there were two unassigned samples in the calibration set (Ac: 97.00%); Se and Sp were 1.0 and 1.0, respectively; the error rate decreased consistently as the training iteration number increased (Figure 11C). The AUC-ROC was 1 for the four sample types (Supplementary Figure S8), indicating that appropriate parameters had been selected.
TABLE 2 | Species identification results and model parameters.
[image: Table 2][image: Figure 11]FIGURE 11 | PLS-DA score plots and the number of training iterations and error rates for models of species identification. (A,B) PLS-DA score plots for models built with fused PCs (A) and LVs (B) (C,D) Training iterations and error rates of BP-NN model built on fused PCs (C) and LVs (D). Class1, BS; class2, GE; class3, PO; class4, BOS.
The LVs were then fused for the electronic sensor and HPLC data. The classification results of a PLS-DA model built with the fused LV data were the same as the results of the model built with the fused PC data: no unclassified or misclassified samples in the calibration set; 100% accuracy; and only S5 unclassified in the validation set. Se and Sp were 1.00, 1.00, respectively. The four sample types were fully separated based on the first two LVs (Figure 11B), and the model performed better than it did with the fused PCs. However, the classification performance of a BP-NN model built with the fused LV data was not significantly improved compared to models built with single-source data. The optimal model had two hidden layers, 15 neurons per layer, a learning rate of 0.1, a momentum term of 0.4, and was trained for 500 iterations. In the calibration set, this model misclassified one sample and two others were unassigned (Ac: 97%); there was one unassigned and one misclassified sample in the validation set (Ac: 94.12%). Se and Sp were 1.00, 1.00, respectively. After 500 training iterations, the error rate was 0 (Figure 11D).
3.6 Highly contributing feature analysis
In classifying sample authenticity, the PCs with relatively small Wilk’s lambda values were electronic tongue (ET)-PC1, electronic eye (EE)-PC4, EE-PC2, and HPLC-PC2 (Figure 12A). In species identification, the PCs with small Wilk’s lambda values included EE-PC1, ET-PC3, HPLC-PC1, and electronic nose (EN)-PC2 (Figure 12B). These PCs contributed greatly to the classification model. Notably, the results indicated that it was not only the first three PCs that played major roles in classification with each data type; other PCs also represented a great deal of variance.
[image: Figure 12]FIGURE 12 | Wilk’s lambda values of variables in the PCs-based data fusion models. Data are shown for the (A) sample authenticity binary classification model and the (B) species identification multi-class model.
We next constructed a factor loading matrix of the four types of data sources (Supplementary Table S1). Some of the original variables (Table 3) had larger factor loading values of the highly contributing PCs. These original variables were highly correlated with the PCs, and changes in these values would be expected to have a strong impact on the classification performance of the model.
TABLE 3 | Original variables with larger factor loading values of highly contributing principal components.
[image: Table 3]4 CONCLUSION
In this study, a preliminary identification of B. striata and similar decoction pieces was firstly conducted based on the classification scheme in the Chinese Pharmacopoeia and local standards. Samples were then analyzed with GC-IMS, an electronic nose, an electronic eye, an electronic tongue, and HPLC. Classical machine learning and deep learning algorithms were used to classify samples based on each type of data. Furthermore, using improved data fusion technology, highly effective models were constructed to accurately distinguish between B. striata and similar decoction pieces. In the sample authenticity binary classification model (B. striata vs. other samples), the PLS-DA and SVM models built with fused LV data had the best performance, with an accuracy of 100% after cross-validation of the calibration dataset and only one misclassified sample in the validation set. In the multi-class species identification model, the PLS-DA model built with fused PCs and the PLS-DA model generated with fused LVs performed the best, with accuracies of 100% and just one misclassified sample each in the validation set. The results of feature extraction were compared between a supervised and an unsupervised algorithm; overall, fused LVs performed better than fused PCs in the PLS-DA and SVM authenticity identification models, whereas fused PCs performed comparably to or better than fused LVs fusion in the BP-NN authenticity and species identification models. PCs beyond the first three components can make large contributions to sample classification, sometimes playing key roles in model identification. Factor loading values indicated that some original variables had higher values of the highest-contributing PCs, demonstrating the importance of specific original variables in accurately classifying samples. These variables included the Sourness sensor in the ET, the W1C sensor in the EN (aromatic organic compounds), color number 1621 in the EE (dark reddish gray), and peaks 4 and 5 in the HPLC data. In summary, our study provides a highly feasible method of accurately evaluating putative B. striata and related samples, promoting quality evaluation and control in Chinese decoction pieces.
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Nitrobenzene (NB) is one of the major organic pollutants that has seriously endangered human health and the environment even in trace amounts. Therefore, it is of great significance to detect trace NB efficiently and sensitively. Herein, a porphyrinic metal-organic framework (MOF) of Mn-PCN-222 (PCN, porous coordination network) was first synthesized by the coordination between Zr6 cluster and tetrakis (4-carboxyphenyl)-porphyrin-Mn (Ⅲ) (MnTCPPCl) ligand. To regulate its structure and the electrochemical properties, a phenyl group was inserted in each branched chain of TCPP to form the TCBPP organic ligand. Then, we used Zr6 clusters and manganese metalloporphyrin (MnTCBPPCl) to synthesize a new porphyrin-based MOF (Mn-CPM-99, CPM, crystalline porous material). Due to the extended chains of TCPP, the rod-shaped structure of Mn-PCN-222 was switched to concave quadrangular bipyramid of Mn-CPM-99. Mn-CPM-99 exhibited higher porosity, larger specific surface area, better electrochemical performances than those of Mn-PCN-222. By using modular assembly technique, Mn-CPM-99 film was sequentially assembled on the surface of indium-tin-oxide (ITO) to prepare an electrochemical sensor (Mn-CPM-99/ITO). The proposed sensor showed excellent electrochemical reduction of NB and displayed three linear response ranges in the wide concentration ranges. The obtained low limit of detection (LOD, 1.3 nM), high sensitivity and selectivity, and good reproducibility of the sensor for NB detection fully illustrate that Mn-CPM-99 is an excellent candidate for electrochemical sensor interface material. Moreover, the sensor was successfully applied to the detection of NB in lake water and vegetable samples showing satisfactory recovery of 98.9%–101.8%.
Keywords: metal-organic frameworks, nitrobenzene, electrochemical sensor, organic pollutants, structural regulation
1 INTRODUCTION
Nitrobenzene (NB) and its compounds play crucial roles in the synthesis of dyes, pesticides, and explosives, moreover, they serve as solvents during petroleum refining processes (Li et al., 2022). NB contamination in the environment is mainly from the discharge of industrial waste by chemical plants and dyestuff factories (Wang et al., 2023). Due to its moderate water solubility and higher density relative to water, NB compounds tend to sink to the bottom of water and persist for a prolonged period, resulting in severe and persistent pollution of natural water resources (Lu et al., 2023; Wang et al., 2024). When NB enter into the human body, it can lead to a serious problem of methemoglobinemia and liver cancer and remain carcinogenic activities even at trace level (Fang et al., 2021; Li et al., 2021). Moreover, the presence of a nitro group in NB compounds contributes to their poor biodegradability in electron-deficient environments. The allowable level of NB in all types of water is regulated no more than 2 mg⋅L−1 (16.25 μM) by the World Health Organization (WHO) and American Public Health Association (APHA) (Li et al., 2023). It is therefore imperative to enhance environmental monitoring and research on nitrobenzene compounds, implement stricter emission controls, mitigate environmental pollution, and safeguard human health (Seal et al., 2022; Chellappa et al., 2024).
Various analytical methods including gas chromatography-mass spectrometry (GC-MS) (Zhang et al., 2014), high performance liquid chromatography (HPLC) (Wang and Chen, 2002), spectrophotometry (Rafique et al., 2023; Rahman and Ahmad, 2024) and electrochemical techniques have been used for the detection of NB (Koohfar et al., 2023; Wang et al., 2023; Papavasileiou et al., 2024). Among them, electrochemical techniques have received widespread attention due to their simple operation, high sensitivity, and low cost for detecting nitrobenzene. However, the key of electrochemical sensors is to prepare the interface materials with excellent selectivity and good catalytic performance. Metal-organic frameworks (MOFs) are hybrid materials composed of both organic linkers and inorganic metal nodes, and have been extensively used to construct electrochemical sensors (Kajal et al., 2022). MOFs possess special active sites and many advantages due to their controllable structure, high specific surface area, good stability, and tailored functionalities (Zhang et al., 2023; Junior et al., 2024). The composition of organic and inorganic components can be adjusted to control the structure and performances of MOFs, enhancing their sensing capabilities, e. g., by incorporating specific functional groups for target recognition to realize selective detection of target analytes (Liu et al., 2020; Chang et al., 2022). Therefore, several electrochemical sensors based on MOFs have been developed including Cu-MOF (Xin et al., 2023), PCN-222(Fe) (Li et al., 2023), Fe-MOF (Dhayanithi et al., 2023) and showed outstanding sensitivity for the detection of analytes. The adjustable structure and chemical properties make MOFs and their derived materials promising candidates for the development of advanced electrochemical sensors.
Porphyrin-based MOFs can selectively response to NB compounds due to the inherent porphyrin recognition sites in MOFs, exhibiting rapid and selective detection of NB compounds, even in the presence of other interfering compounds (Yang et al., 2015; Zhang et al., 2021). A Zr (IV)-porphyrin MOF PCN-224 (PCN, porous coordination network) was used as fluorescent sensor for rapid detection of 2,4,6-trinitrotoluene (TNT) in aqueous solution (Yang et al., 2015). Fischer et al. proposed an electrochemical sensor using a porphyrin-based MOF (Mn-PCN-222) modified on a conductive indium-tin-oxide (ITO) surface for a variety of electrochemical applications, including nitroaromatics, phenolic and quinone-hydroquinone toxins, heavy metal ions, and biological species (Zhou et al., 2021). The excellent features were attributed to their well-defined porous structures, good electron transfer, and selective reaction between tetra(4-carboxyphenyl)porphyrin (TCPP) and nitroaromatics through hydrogen bonding and π−π stacking interaction.
In this research, to utilize the advantages of porphyrin-based MOFs, we employed Zr6 clusters as nodes and manganese metalloporphyrin as ligand to prepare a new porphyrin-based MOF (Mn-CPM-99, CPM, crystalline porous material). As shown in Scheme 1A, Zr6 cluster and Mn-TCPP were first coordinated to construct Mn-PCN-222, containing one of the 1D hexagonal mesoporous channels (Feng et al., 2012; Zhou et al., 2021). To regulate its structure, a phenyl group was inserted in each branched chain of Mn-TCPP to form the Mn-TCBPP ligand, and then, Mn-CPM-99 was prepared. Due to the extended chains of TCPP, the rod-shaped structure of Mn-PCN-222 was switched to quadrangular bipyramid of Mn-CPM-99. Their chemical structures, morphologies, electrochemical behavior, and electrocatalytic abilities were compared in this study. The results showed that the Mn-CPM-99 based electrochemical sensor exhibited high sensitivity and good performances for detection of NB in water and vegetable.
[image: Scheme 1]SCHEME 1 | (A) Synthesis routs and structures of Mn-PCN-222 and Mn-CPM-99. (B) Schematic diagram for the processes of modular assembly of Mn-PCN-222 and Mn-CPM-99 on the ITO electrodes.
2 EXPERIMENTS
2.1 Chemicals and reagents
All chemicals and reagents including N,N-Dimethylformamide (DMF), N,N-Diethylformamide (DEF), tetrahydrofuran (THF), were purchased from Energy Chemical (Shanghai, China) and Aladdin Reagent Shanghai Co. Ltd. (China), and directly utilized without further purification. The synthesis processes and structural characterizations for the Manganese porphyrin Lingands of MnTCPPCl and MnTCBPPCl Ligands were provided in Supplementary Scheme S1; Supplementary Figures S1–S3). Purification of synthesized products was performed on silica gel (300–400 mesh) and self-prepared PTLC (GF254 silica gel).
2.2 Synthesis of Mn-PCN-222 and Mn-CPM-99 MOFs
Mn-PCN-222 was synthesized by a simple one-step solvothermal method (Zhou et al., 2021). ZrOCl2-8H2O (26 mg), MnTCPPCl (12 mg), and benzoic acid (225 mg) were dissolved in 2 mL of DMF, and ultrasonically dispersed for 10 min. The reaction was then heated with stirring at 80°C and kept for 24 h. When the reaction was cooled to room temperature, the resulting Mn-PCN-222 were rinsed and centrifuged by DMF and ethanol, respectively, and finally dried under vacuum. In the similar way, Mn-CPM-99 were synthesized in DEF solvent at 120°C using 12 mg of MnTCBPPCl ligand.
2.3 Preparation of MOFs film modified ITO electrodes
Mn-PCN-222 and Mn-CPM-99 films was modified on the surface of conductive indium-tin-oxide (ITO) via the modular assembly method. As shown in Scheme 1B, before the modification, the ITO glass was cleaned in ultrasonic baths of acetone, ethanol, and water for 20 min, respectively. Then cleaned ITO was immersed in a solution of (1:1 v/v) ethanol/NaOH (1 M) and was activated for 15 min. Finally, it was rinsed with pure water and dried by N2. The synthesized Mn-PCN-222 or Mn-CPM-99 were homogeneously dispersed in ethanol with ultrasonication to obtain a colloidal suspension of 1.0 mg⋅mL-1, which was dropped onto the water surface in a beaker and then spread out to form a thin film. The film was then transferred onto the cleaned ITO glass by stamping (1 cm × 1 cm). The assembled film was immersed in ultrapure water to remove the un-deposited Mn-PCN-222 or Mn-CPM-99 and then dried by using N2, Finally, the Mn-PCN-222/ITO and Mn-CPM-99/ITO modified electrodes were obtained.
2.4 Apparatus and measurements
Cyclic voltammetry (CV), chronoamperometric technique (i–t), and electrochemical impedance spectroscopy (EIS) were performed on a CHI660E electrochemical workstation (Chenhua, Shanghai, China). A three-electrode system was used and consisted of a modified ITO electrode as the working electrode (1 cm × 1 cm), a platinum wire served as the auxiliary electrode and an Ag/AgCl electrode (3 M KCl) used as the reference electrode, respectively.
The morphology, composition, elements, and chemical structure of Mn-PCN-222 and Mn-CPM-99 were characterized by Scanning electron microscope (SEM, Sigma 500, Carl Zeiss, Germany), Transmission electron microscope (TEM, Tecnai G2 F30, FEI, USA), powder X-ray diffraction (XRD, SmartLab SE, Rigaku, Japan), X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Scientific, USA), Attenuated total reflectance Infrared spectroscopy (ATR-IR, Nicolet iS50, Thermo Fisher, USA), and UV-Vis spectroscopy (UV-2700i spectrometer, Shimadzu, Japan). 1H NMR spectra for the characterization of the Mn-PCN-222 and Mn-CPM-99 structures in Supplementary Material were measured on a Bruker Ascend 400 MHz instrument (NMR, Ascend 400, BRUKER, Switzerland).
3 RESULTS AND DISCUSSION
3.1 Characterization of Mn-PCN-222 and Mn-CPM-99
As described in Supplementary Scheme S1, the intermediates of TPPCOOMe and H2TEtCBPP were synthesized and characterized by 1H NMR spectra, and they were further coordinated with manganese metal ions to obtain MnTCPPCl and MnTCBPPCl ligands, respectively (Supplementary Figures S1–S3). MnTCPPCl and MnTCBPPCl were then hydrolyzed to produce side-chain ester groups, which were then reacted with Zr6 clusters by solvothermal synthesis method to get the Mn-PCN-222 and Mn-CPM-99 MOFs, respectively. The sizes and morphologies of MnTCPPCl and MnTCBPPCl were observed by SEM and TEM measurements, respectively.
As shown in Figures 1A–C, Mn-PCN-222 presents regular rod shape with an average diameter of 165 nm. However, Mn-CPM-99 exhibits the structure of concave quadrangular bipyramid with uniform distribution (about 700–850 nm long, Figures 1J–L). The Energy-dispersive X-ray spectroscope (EDS) elemental mapping of Mn-PCN-222 and Mn-CPM-99 MOFs were performed to reveal the element distribution. The EDS spectra presented in Supplementary Figure S4 confirm the presence of C, N, Cl, O, Mn, and Zr elements in the samples. We can find that all the measured elements (C, N, Cl, O, Mn, Zr) in the elemental maps are uniformly distributed in the samples (Figures 1D–I; Figures 1M–R). The clean and homogeneous surfaces of Mn-PCN-222 and Mn-CPM-99 MOFs indicate that the synthesis was successful and could obtain relatively pure compounds.
[image: Figure 1]FIGURE 1 | SEM images of Mn-PCN-222 (A,B) and Mn-CPM-99 (J,K). TEM images of Mn-PCN-222 (C) and Mn-CPM-99 (L), respectively. Element mapping images of Mn-PCN-222 (D–I) and Mn-CPM-99 (M–R), respectively.
The compositions of Mn-PCN-222 and Mn-CPM-99 were analyzed by attenuated total reflection infrared spectroscopy (ATR-IR) and UV-Vis spectroscopy. As shown in Figure 2A, compared with the free H2TCPP ligand, MnTCPPCl ligand exhibits a new peak at 1010 cm-1 assigned to Mn-N bonds with the disappearance of the N-H stretching vibration peak at 963 cm-1, indicating the coordination of Mn to porphyrin ring in MnTCPPCl (Yu et al., 2020; Xu et al., 2021; Zhou et al., 2021). The signature of Mn-N bonds is also observed in the Mn-PCN-222 film. In contrast to MnTCPPCl, Mn-PCN-222 does not show the characteristic peaks of C=O bonds (1700 cm-1) and C−O bonds (1270 cm-1) whereas exhibits strong peak of −COO symmetric stretch bonds (1413 cm-1), suggesting the carboxyl group coordinating to the Zr6 centers in MnTCPPCl (Figure 2D). The results are agreement with those in the literature and which suggested the Mn-PCN-222 material was prepared successfully (Zhou et al., 2021). Similarly, the ATR-IR spectra of Mn-CPM-99 does not show the characteristic peaks near 1709 cm-1 (C=O bond) and 1273 cm-1 (C-O bond) of MnTCBPPCl and H2TEtCBPP, while the emergence of a strong peak at 1417 cm-1 (COO symmetric stretching bond) reflects the carboxyl group coordinated to the Zr6 cluster in MnTCBPPCl (Zhou et al., 2021; Zhu et al., 2021; Kaur et al., 2023). In addition, the metallation of the MnTCBPPCl ligand can be proved by the disappearance of the N-H stretching vibration at 960 cm-1 and the appearance of a new peak for the Mn-N bond at 1010 cm-1. The UV-Vis spectra of both H2TCPP and H2TEtCBPP ligands present a strong Soret band and four Q-bands (Figures 2B, E). Furthermore, the Soret bands of Mn-PCN-222 and MnTCBPPCl films are noticed to undergo red shifts about 50 nm, and only two Q bands can be observed, confirming the metalation of porphyrin rings by Mn(III) in the Mn-PCN-222 films. Moreover, there is no characteristic peak of the free TCPP or other new metallized TCPP, indicating the absence of Mn leaching and substitution by other metal ions during the synthesis of Mn-PCN-222 films.
[image: Figure 2]FIGURE 2 | (A,D) ATR-IR spectra of free H2TCPP ligand, MnTCPPCl ligand, Mn-PCN-222, free H2TEtCBPP ligand, MnTCBPPCl ligand, and Mn-CPM-99. (B,E) UV-Vis spectra of free H2TCPP ligand and Mn-PCN-222 and free H2TEtCBPP ligand and Mn-CPM-99 (Inset presents a zoomed view of the enlarged Q-band region for clarity). (C,F) PXRD patterns of the simulated (red curves) and prepared (blue curves) Mn-PCN-222 and Mn-CPM-99, respectively.
Powder X-ray diffraction (PXRD) patterns of Mn-PCN-222 and Mn-CPM-99 were recorded in Figures 2C, F. The results show that the intense diffraction peaks of Mn-PCN-222 are in good agreement with the simulated XRD profile, which indicate that the three-dimensional Mn-PCN-222 has been successfully prepared. Figure 2F displays the XRD patterns of Mn-CPM-99 which the plane of (100) is located at 2θ of 3.5°. Meanwhile, the broad peak around 2θ of 7° is attributed to the X-ray diffraction peak broadening by amorphization effect. These results indicate the existence of nanocrystals with tiny size in the structure of Mn-CPM-99. More evidences in Supplementary Figure S5 exhibit that Mn-CPM-99 are combined by the nanocrystals sizing of ca. 5.9 nm and organic ligands with disordered structures. Further, the calculated interplanar spacing of the nanocrystals is about 1.28 nm which is corresponding to the plane of (200) locates at 6.94° (Kollias et al., 2022; Xu et al., 2022). Then, the highly dispersed diffraction ring in Supplementary Figure S6 of the selected electron diffraction pattern confirms Mn-CPM-99 possess typical amorphous structure. The abovementioned results are identical to the conclusion of the XRD pattern for Mn-CPM-99.
The elemental valence states of Mn-PCN-222 and Mn-CPM-99 materials were investigated using XPS analysis, respectively. The full XPS survey spectra are shown in Figures 3A, D and demonstrate the presence of the C, N, Cl, O, Mn, and Zr elements in the Mn-PCN-222 and Mn-CPM-99 materials, which are in good agreement with the above-mentioned results of the EDX energy spectra. In Figure 3B, the three peaks at 288.07 eV, 284.80 eV, and 284.48 eV in the C 1s spectra are attributed to the C-O/C-N, C-C, C=O/C=N valence bonding structure of the TCPP framework, respectively. Correspondingly, the three resolved peaks from the C 1s spectra at 287.81 eV, 284.80 eV and 283.96 eV are attributed to the C-O/C-N, C-C, C=O/C=N valence bond structures of the TCBPP framework, respectively (Figure 3E). Figures 3C, F show the peaks at 399.98, 398.98 and 401.18 eV in Mn-PCN-222 and 397.47, 398.75, and 399.89 eV in Mn-CPM-99 for the N 1s, corresponding to C-N, C-N-Mn-C, and C-N-Mn=C, respectively. Both of the Mn 2P XPS spectra of the Mn-PCN-222 (Supplementary Figure S7A) and Mn-CPM-99 (Supplementary Figure S7B) show four peaks for two oxidation states of Mn(III) and Mn(II) in 2P1/2 and 2P3/2 bimodal states, respectively. The amplified spectrum of O 1s (Supplementary Figure S7C, D) can be deconvoluted into three peaks (531.06, 532.3 and 529.65 eV in Mn-PCN-222; 532.5, 531.9 and 530.37 eV in Mn-CPM-99), which are attributed to the C=O, Zr-O, and C-O valence bond structures, respectively. These results confirm the successful preparation of Mn-PCN-222 and Mn-CPM-99.
[image: Figure 3]FIGURE 3 | Full XPS profiles of Mn-PCN-222 (A) and Mn-CPM-99 (D). The high-resolution XPS spectra of C 1s (B,E) and N 1s (C,F) in Mn-PCN-222 and Mn-PCN-222, respectively.
3.2 Electrochemical properties of the different modified electrodes
Mn-PCN-222 and Mn-CPM-99 were rapidly integrated on ITO glass by modular assembly method to obtain the Mn-PCN-222/ITO and Mn-CPM-99/ITO modified electrodes, which were characterized by CV technology and electrochemical impedance method. The CV curves of the ITO, Mn-PCN-222/ITO, and Mn-CPM-99/ITO electrodes were recorded in 5 mM [Fe(CN)6]3−/4− solution with 0.1 M KCl at a scan rate of 50 mV⋅s−1 (Figure 4A). Compared to the ITO and Mn-PCN-222/ITO electrodes, the Mn-CPM-99/ITO electrode shows the best reversible redox peaks and largest peak currents. All their corresponding Nyquist plots in 5 mM [Fe(CN)6]3−/4− solution Figure 4B show very small resistivity (Rct). But the Rct value of the Mn-CPM-99/ITO electrode (34 Ω) is significantly lower than those of Mn-PCN-222/ITO (86 Ω) and ITO (124 Ω). The results can be attributed to the strong synergistic effect between the organic ligand and the zirconium clusters after ring extension, resulting in more active sites, lower charge transfer resistance, and a larger contact area between the electrode and electrolyte. The CV curves of the Mn-CPM-99/ITO, ITO, and Mn-PCN-222/ITO electrodes at different scan rates (20–200 mV⋅s−1) are shown in Figure 4C and Supplementary Figure S8. There are good linear relationships between the redox peak currents and the square root of the scan rates. The good linearity indicates that the redox process of the [Fe(CN)6]3−/4− probe is a diffusion-controlled process at the modified electrodes. According to the Randles-Sevcik equation (Supplementary Figure S8), the electrochemically active surface areas of ITO, Mn-PCN-222/ITO and Mn-CPM-99/ITO were calculated to be 0.353, 0.497, and 0.558 cm2, respectively, and therefore, the significantly larger active surface area of Mn-CPM-99/ITO provides obvious advantages for NB detection.
[image: Figure 4]FIGURE 4 | (A) CV and (B) EIS of ITO, Mn-PCN-222/ITO, and Mn-CPM-99/ITO in 5 mM [Fe(CN)6]3−/4− solution with 0.1 M KCl (scan rate: 50 mV⋅s−1). (C) CVs of Mn-CPM-99/ITO at different scan rates from 20 to 200 mV⋅s−1 (Inset: The linear relationship between redox peak currents (Ipa and Ipc) and the square root of the scan rates). (D,E) CVs of different modified electrodes in 0.4 M NaCl (pH 7.0) without and with 40 μM NB, respectively. (F) CV response of the Mn-CPM-99/ITO sensor in 0.4 M NaCl toward various concentration of NB (0.06, 0.3, 3, 24, 60, 150, and 300 μM).
To investigate the catalytic activities, the CV responses of the modified electrodes were recorded in 0.4 M NaCl. As shown in Figure 4D, in the absence of NB, three different electrodes do not show obvious reduction peaks, but show different capacitive characteristics from ITO, Mn-PCN-222/ITO, and Mn-CPM-99/ITO modified electrodes due to their porosity and specific surface area. In the presence of NB, Mn-CPM-99/ITO shows sharp and well-defined reduction peak with the highest peak currents and more positive reduction potentials compared to other modified and unmodified electrodes (Figure 4E). Based on the special structure of the manganese metal porphyrin-based MOFs, the higher electrocatalytic activity for NB can be ascribed to reasons as follows: Firstly, the highly conjugated porphyrin ring (π−π stacking interaction with the NB molecules) and the large specific surface of Mn-PCN-222 and Mn-CPM-99 as the porous substrates enable the sensor interface to effectively trap NB molecules; Secondly, the inherent redox activity of the organic ligands TCPP and TCBPP, and the reduction of the electron intermediate of Mn(III) to Mn(II) state in the center of Mn-PCN-222 and Mn-CPM-99 structure contribute to the acceleration of electron transport, which were confirmed by the electrocatalysis of NB on TCPP/ITO, TCBPP/ITO, MnTCPP/ITO, and MnTCBPP/ITO electrodes (Supplementary Figure S9). In addition, the strong electron-withdrawing property of NB itself leads to the formation of an electron donor-acceptor (EDA) system between the porphyrin centers, which facilitates the transfer of electrons to the nitrobenzene, causing its protonation and ultimately leading to the reduction of NB (Zhou et al., 2021).
Figure 4F shows a typical CV response of the Mn-CPM-99/ITO sensor upon continuous addition of NB in 0.4 M NaCl solution. The dramatic increase in the reduction peak currents of NB suggested that the presented sensor showed typical electrocatalytic reduction of NB. In order to study the electrochemical process, CV of 0.5 mM NB was continuously scanned with a wider potential range between 0.4 V and −1.2 V (Figure 5A). During the first sweep, CV of NB at Mn-CPM-99/ITO presents only an irreversible cathodic peak (R1) at −0.8 V, which is related to the 4H+/4e− reduction of the nitro group (−NO2) in NB to phenylhydroxylamine. Starting from the second cycle scan, the reduction peak at −0.83 V gradually decreases, and a pair of new redox peaks (O1/R2) gradually appear and increase between −0.2 V and −0.4 V, which corresponds to is the 2H+/2e− redox process between phenylhydroxylamine and nitrosobenzene (Li et al., 2023; Yuan et al., 2023). The results suggested that phenylhydroxylamine was gradually produced by electrochemical reduction of NB, and then was oxidized to nitrosobenzene, appearing a new reduction peak (R2). The overall redox mechanism of NB is summarized in Figure 5B.
[image: Figure 5]FIGURE 5 | (A) CVs of Mn-CPM-99/ITO in 0.4 M NaCl (pH 7.0) containing 0.3 mM NB for four potential cycle scans; (B) Electrochemical redox processes of NB on the interface of Mn-CPM-99/ITO.
3.3 Effect of the electrolyte solutions and pH
To achieve the best electrochemical response, the effects of different electrolyte solutions, electrolyte concentration, and pH of the solution on the electrocatalysis of the sensor toward NB were investigated (Sang et al., 2014; Stergiou et al., 2022). In different electrolyte and buffer solutions, the best response of the Mn-CPM-99/ITO electrode toward NB was obtained in NaCl solution (Figure 6A and inset). Figure 6B and Supplementary Figure S10 show the electrochemical reduction of 40 μM NB in NaCl solution with various concentrations from 0.2 M to 0.6 M. Obviously, the maximum current of NB could be obtained in 0.4 M NaCl solution. Therefore, 0.4 M NaCl solution was chose as an electrolyte concentration in the following study.
[image: Figure 6]FIGURE 6 | (A) CVs of Mn-CPM-99/ITO in different electrolyte solutions in the presence of 40.0 μM NB. (ABS: acetic acid buffer solution, PBS: phosphoric acid buffer solution, Tris-HCl: Tris (hydroxymethyl) aminomethane hydrochloride, Citate: Sodium citrate-citric acid buffer solutions; Concentration of every solution: 0.4 M). Inset: The reduction peak current in different electrolyte solutions. (B) The reduction peak currents of NB at different electrodes in NaCl solution with various concentration from 0.20 to 0.60 M (C) CVs of Mn-CPM-99/ITO toward 0.30 mM NB of in 0.40 mM NaCl with different pH. (D) Change in the reduction peak potential and current at different pH obtained from (C).
Figure 6C shows the dependence of the sensor on pH. The reduction peak potential shifted negatively with increasing pH. The maximum electrocatalytic current was observed at pH seven and a good linear relationship between peak potential and pH was obtained: Ep (V) = −0.0529 pH−0.438 (Figure 6D). The slope of −0.0529 V/pH is very close to the theoretical value of 0.059 V/pH. The result indicates that an equal number of electrons and protons is involved in the NB electrochemical reduction process (Yuan et al., 2023), which is consistent with the proposed redox mechanism of NB in Figure 5B. All the electrochemical results suggest that Mn-CPM-99/ITO has better response sensitivity to NB and it is more suitable as an electrochemical sensor for detecting NB in aqueous solution.
3.4 Amperometric (i-t) determination of NB on Mn-CPM-99/ITO
To obtain higher response sensitivity, the chronoamperometric technique was performed. As shown in Figure 7A, upon successive addition of different concentrations of NB into stirred solution, the sensor exhibited rapid and typical amperometric current response to NB at the applied potential of −0.77 V. The inset of Figure 7A shows a magnified plot of the reduced current response at low NB concentration. The reduction peak currents grew linearly with the increase in three NB concentration ranges from 5 nM to 109.5 μM, 136.7–450.2 μM, and 527.5–2266 μM (Figure 7B) with the corresponding sensitivities of 1.817 (R = 0.983), 0.621 (R = 0.997), and 0.398 μA μM−1 (R = 0.999), respectively. Obviously, at low concentration, the sensor showed higher sensitivity for NB determination due to more available catalytic sites. The limit of detection (LOD) was calculated as low as 1.3 nM (Wu et al., 2018), which is lower than the permissible limit in water (16.25 μM) regulated by APHA (Li et al., 2023). The analytical performances are comparable with those in previously reported NB sensors (Supplementary Table S1).
[image: Figure 7]FIGURE 7 | (A) Amperometric responses of the sensor in 3.0 mL stirring 0.4 M NaCl aqueous solution with successive additions of NB (0.005–2266 μM). (B) Corresponding calibration curves between electrocatalytic currents and NB concentrations (error bars represent standard deviations for three tests).
3.5 Analytical performance of the proposed sensor
The selectivity of the presented sensor towards Nb was first evaluated by adding 4-fold interfering substances using the amperometric (i-t) method. As shown in Figure 8A, the current responses on NB were not interfered by the injection of the common organics (aniline, phenol, o-diphenol, chlorobenzene, o-dichlorobenzene, toluene, xylene, benzaldehyde, 2-methylimidazole), biomolecules (ascorbic acid (AA), uric acid (UA), citric acid, glycine (Gly), L-glutamic acid (L-GAA), glucose (Glu), and hydrogen peroxide (H2O2). Some common cations in aqueous solution were also evaluated including K+, Na+, Ca2+, Mg2+, Fe2+, Ni2+, Fe3+, and Cr3+ (Supplementary Figure S11). The current response of the interfering metal cations is obviously lower than that of NB at the same concentration level. These results indicate that the proposed sensor has good selectivity for NB detection.
[image: Figure 8]FIGURE 8 | (A) Amperometric responses of the Mn-CPM-99/ITO sensor in 3.0 mL stirring 0.4 M NaCl aqueous solution with successive additions of 50.0 μM NB, 200 μM Aniline, phenol, o-diphenol, chlorobenzene, o-dichlorobenzene, Toluene, xylene, benzaldehyde, 2-Methylimidazole, AA, UA, citric acid, Glycine, L-glutamic acid, glucose, and H2O2 at the applied potential of −0.8V. (B) Storage stability of the Mn-CPM-99/ITO sensor in response to 50.0 μM NB after 40 days. (C) Successive current response of the sensor toward 50.0 μM NB before and after 4000 s response. (D) The current-time curves of six Mn-CPM-99/ITO electrodes toward 50 μM NB.
The repeatability and stability reveal the potential capabilities of the proposed method for practical applications. The long-term storage stability of the sensor was evaluated by measuring the response currents of NB for 40 days of storage (Figure 8B), which showed that all the current responses towards three concentrations of NB retained over 97% of their original currents. In Figure 8C, the catalytic current of 50 μM NB does not decay for 4000 s of successive response, furthermore, the sensor still shows a sensitive response to NB, indicating good operational stability. The reproducibility of the sensor was evaluated by utilizing six modified electrodes on different GCEs. As shown in Figure 8D, the relative standard deviations were calculated to be 3.4%, indicating high reproducibility. Therefore, the satisfactory stability and reproducibility suggest that Mn-CPM-99/ITO is potentially applicable as a reliable sensor for the determination of NB in real water samples.
3.6 Analysis of real samples
The practicality of the Mn-CPM-99/ITO electrode was verified by the determination of NB in river water and vegetable (Pakchoi) samples. The Pakchoi vegetable was sprayed with 5 mL 20 mM NB solution. After 1 day, 3 g of fresh leaves were grinded and dissolved in 10 mL ethanol, which was then centrifuged at 6000 rpm. The obtained supernatant of vegetable and river water were filtered through 0.22 μm membrane filter and used directly for the actual sample analysis by standard addition method (Supplementary Figure S12). As shown in Table 1, NB in river water could not be detected while an average of 0.85 μM NB could be detected in the NB-pretreated vegetable samples. All of the recoveries with the added NB standard solution ranged from 98.8% to 101.8%, indicating that the electrochemical sensor based on Mn-CPM-99 MOF has good utility for the determination of NB content in real water or vegetables.
TABLE 1 | Detection of NB in the real samples.
[image: Table 1]4 CONCLUSION
In conclusion, a concave quadrangular bipyramidal Mn-CPM-99 MOF was successfully designed based on the coordination reaction between MnTCBPPCl organic ligands and Zr6 clusters. The structure and electrochemical properties of Mn-CPM-99 MOF were compared with those of Mn-PCN-222 MOF with rod-shaped structure (constructed form TCPP and Zr6). Due to the broadened chain of TCPP organic ligands by the phenyl group, Mn-CPM-99 MOF shows the bipyramidal structure with higher porosity and larger specific surface area than those of Mn-PCN-222. After comparing their morphology, electrochemical behavior, and electrocatalytic ability, it is found that Mn-CPM-99 modified ITO electrode has better electrocatalytic performances towards NB reduction. The high sensitivity and selectivity, low LOD, wide linear concentration range, and good reproducibility make the presented sensor (Mn-CPM-99/ITO) successfully applied to the detection of NB in river water and vegetable samples. Therefore, the strategy based on the structural design will broaden the application of the porphyrin-based MOF materials and provide a new platform to study the relationship between structural improvement and its function.
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Polyphenolic compounds play an essential role in plant growth, reproduction, and defense mechanisms against pathogens and environmental stresses. Extracting these compounds is the initial step in assessing phytochemical changes, where the choice of extraction method significantly influences the extracted analytes. However, due to environmental factors, analyzing numerous samples is necessary for statistically significant results, often leading to the use of harmful organic solvents for extraction. Therefore, in this study, a novel DES-based shaking-assisted extraction procedure for the separation of polyphenolic compounds from plant samples followed by LC-ESI-QTOF-MS analysis was developed. The DES was prepared from choline chloride (ChCl) as the hydrogen bond acceptor (HBA) and fructose (Fru) as the hydrogen bond donor (HBD) at various molar ratios with the addition of 30% water to reduce viscosity. Several experimental variables affecting extraction efficiency were studied and optimized using one-variable-at-a-time (OVAT) and confirmed by response surface design (RS). Nearly the same experimental conditions were obtained using both optimization methods and were set as follows: 30 mg of sample, 300 mg of ChCl:Fru 1:2 DES containing 30% w/w of water, 500 rpm shaking speed, 30 min extraction time, 10°C extraction temperature. The results were compared with those obtained using conventional solvents, such as ethanol, methanol and water, whereby the DES-based shaking-assisted extraction method showed a higher efficiency than the classical procedures. The greenness of the developed method was compared with the greenness of existing procedures for the extraction of polyphenolic substances from solid plant samples using the complementary green analytical procedure index (ComplexGAPI) approach, while the results for the developed method were better or comparable to the existing ones. In addition, the practicability of the developed procedure was evaluated by application of the blue applicability grade index (BAGI) metric. The developed procedure was applied to the determination of spruce root samples with satisfactory results and has the potential for use in the analysis of similar plant samples.
Keywords: deep eutectic solvents, Norway spruce roots, green chemistry, polyphenolic compounds, choline chloride
1 INTRODUCTION
Secondary plant metabolites, mainly polyphenolic compounds, play an important role in the processes of growth, reproduction and the defense mechanisms of plants against pathogens and environmental stresses (Hartmann and Trumbore, 2016; Pang et al., 2021). They possess adaptive traits that have undergone natural selection through evolution or climate change. The extraction of secondary plant metabolites is the first step in evaluating phytochemical changes in plants. However, it should be noted that the extracted substances may depend on the extraction method chosen (Bentley et al., 2020). Due to the various environmental factors affecting the synthesis of certain compounds in plants, it is necessary to analyze a large number of samples to obtain statistically significant results, leading to the need to use a large amount of harmful organic solvents for extraction.
In line with the requirements of green chemistry, the current trend is to replace dangerous solvents with less harmful and environmentally friendly alternatives, as well as to reduce the total amount of solvents used. One possibility is the use of deep eutectic solvents (DES), which can be considered as promising green solvents for the extraction of bioactive compounds from complex matrix samples, such as fruits, vegetables and plants (Duan et al., 2016; Shishov et al., 2017; Vieira et al., 2018; Cai et al., 2019; El Kantar et al., 2019; Skarpalezos and Detsi, 2019; Bajkacz et al., 2020; Chen et al., 2020; Ivanović et al., 2020; Koel et al., 2020; Hikmawanti et al., 2021; Kalyniukova et al., 2021; Chen et al., 2022; Mansour et al., 2024). However, the high viscosity of most DESs is a fundamental limitation that can affect the extraction efficiency of the target compounds and subsequently complicate the quantification of analytes by instrumental methods. The addition of water can reduce the viscosity of DESs and thus increase the extraction efficiency (El Achkar et al., 2019; Rozas et al., 2021).
One of the most commonly used types of DES involves systems based on choline chloride as a hydrogen bond acceptor (HBA) in combination with various hydrogen bond donors (HBD), such as organic acids, urea or sugars. Recently, articles have been published devoted to DESs prepared from choline chloride and sugars to the study of the influence of the nature of the HBD (sucrose, glucose, fructose, and xylose) on the distribution behavior of selected compounds in a two-phase liquid–liquid system (Liu et al., 2022); to the use in an ultrasound-assisted dispersive liquid–liquid microextraction procedure for the extraction of aflatoxin M1 in milk samples prior to its determination by UV–VIS spectrophotometry (Gürsoy et al., 2022); and as potential absorbents for NH3 capture (Li et al., 2020). DESs based on choline chloride and d-fructose in different ratios were prepared, and their physical properties, such as density, viscosity, surface tension, refractive index and pH, were investigated at different temperatures (25°C–85°C). The measured physical properties indicated that DESs have the potential to be used for various applications, including extraction processes (Hayyan et al., 2012).
In the extraction of bioactive compounds from solid plant samples, the mass transfer is usually supported by some auxiliary energy, for example, by ultrasound or shaking. Here are a few examples of using choline chloride-fructose DES for plant sample analysis: Razboršek et al. investigated different natural deep eutectic solvents (NADESs) based on choline chloride for the ultrasound-assisted extraction (UAE) of phenolic compounds from dried chokeberries and found that the highest values of total phenolics and total flavonoids were obtained using the choline chloride-fructose system. Additionally, the results were compared with those obtained using conventional methanol extraction, and their high extraction efficiency was demonstrated (Razboršek et al., 2020). Takla et al. presented a comparison of the potential of NADES and nonionic surfactants with conventional solvents (methanol, ethanol and water) for the ultrasound extraction of alkaloids from plant material. High-performance thin-layer chromatography was used for quantification. The highest extraction yields were obtained using a DES consisting of choline chloride:fructose (5:2) with 35% water. The results showed that a NADES and surfactants were much more efficient in extracting alkaloids than previous methods (Takla et al., 2018). NADESs prepared from choline chloride (ChCl) and sucrose, fructose, glucose and xylose were used for ultrasound-assisted extraction of antioxidants from the halophyte Polygonum maritimum L. (sea knotgrass) and compared with conventional solvents, such as ethanol and acetone. The obtained extracts were evaluated for in vitro antioxidant properties and profiled using liquid chromatography analysis. The results indicate that a NADES containing ChCl and sucrose/fructose can replace conventional solvents in the extraction of antioxidants from sea knotgrass (Rukavina et al., 2021).
Zhang et al. developed a selective shaking-assisted extraction of astaxanthin ester and free astaxanthin from Haematococcus pluvialis by aqueous biphasic systems (ABS) composed of ionic liquids and deep eutectic solutions. ABS composed of tributyloctylphosphine chloride and choline chloride:D-fructose performed the best. The results was compared with organic solvent extraction and prior methods (Zhang et al., 2024). A DES-based pretreatment followed by microwave-assisted hydrodistillation (MAHD) for the extraction of essential oil from dry fruits of white and black peppers was developed. The DES comprised of choline chloride and fructose at a molar ratio of 3:1 was used. The obtained essential oils were analyzed using gas chromatography-mass spectrometry (GC-MS), identifying more compounds than hydrodistillation (Yu et al., 2017). García et al. developed an electrokinetic chromatography method enabling separation of the four stereoisomers of the acetamide herbicide dimethenamid. They tested different anionic cyclodextrins (CDs) based on the use of single and dual CD systems with the addition of ionic liquids and DESs and found that choline chloride-D-fructose, when added to the CDs dual system, enabled separating the four stereoisomers of dimethenamid (Angeles Garcia et al., 2022).
The aim of this work was to develop a novel shaking-assisted extraction method for phenolic compounds from plant samples using a green extraction solvent, a DES based on choline chloride as the HBA and fructose as the HBD. Despite the popularity of ChCl-based DES for analytical purposes, the mixtures of ChCl with Fru are less investigated, especially for plant analysis. That is why we focused on this combination. The parameters influencing the extraction efficiency were investigated by the one variable-at-a-time method (OVAT) and a response surface design (RS) based on face-centered central composite design. The method was subsequently applied to the analysis of Norway spruce root samples in conjunction with LC-ESI-QTOF-MS quantification of polyphenolic compounds.
2 METHODS
2.1 Chemicals
The DES was composed of choline chloride (ChCl) (purity ≥99%) obtained from Gentham Life Science, UK, and D (−)fructose (Fru) (purity ≥99%) purchased from Acros Organics, United States. The solvents, such as methanol (purity ≥99.9%), acetonitrile (purity ≥99.9%) and water (LC-MS grade), were obtained from Honeywell, Germany. The chemical standards were obtained as follows: piceatannol (purity ≥98%), epicatechin (purity ≥98%), procyanidin B1 (purity ≥98%), (−)-epigallocatechin (purity ≥98%) and taxifolin (purity ≥98%) from Chem Faces, China; isorhapontin (purity ≥98%) from Toronto Research Chemicals, Canada; 4-coumaric acid (purity ≥98%) and (+)-catechin (purity ≥98%) from Extrasynthese, France. Ultra-pure water was obtained using a Millipore Milli-Q Plus water treatment system (Millipore Bedford Corp., Bedford, MA).
2.2 LC-ESI-QTOF-MS/MS analysis
LC-ESI-QTOF-MS/MS analysis was carried out using an Agilent 1,290 Infinity II system coupled to an Agilent 6546 LC/MS QTOF mass spectrometer (Agilent, United States). The LC separation was conducted using a Zorbax Eclipse Plus C18 column (2.1 × 50 mm, 1.8 µm), (Agilent, United States). The optimal conditions were as follows: mobile phase A consisted of water containing 0.05% formic acid, and mobile phase B consisted of acetonitrile; flow rate, 1.1 mL min–1; injection volume, 1 μL; and column temperature, 35°C. For separation of polyphenolic compounds, the gradient elution was set as follows: 0–0.1 min, 95% A; 0.one to eight min, 72% A; 8–9.1 min, 25% A; 9.1–11 min, 95% A.
The determination of polyphenolic compounds (Table 1) was carried out by LC-MS/MS in negative ionization mode. The QTOF parameters were optimized using the standards and were set as follows: scan range 100–1,000 m/z; drying gas temperature, 350°C; sheath gas flow rate, 12.0 L/min; sheath gas temperature, 400°C; capillary voltage, 5.0 kV; nozzle voltage 0.9 kV; fragmentor, 140 V; collision energy at 10, 20 and 40 eV. MS/MS data were acquired at a scan range of 50–800 m/z; retention time window, 0.5 min; isolation window, 1.3 amu and an acquisition rate of two spectra s–1. During the analysis, two reference masses (112.9855 and 966.0007 m/z) were continuously measured to mass correction. The data collection was carried out using the Agilent Mass Hunter Acquisition software, and data analysis was performed using Mass Hunter Qualitative Analysis 10.0 and Q-TOF Quantitative analysis (Agilent, United States).
TABLE 1 | List of compounds monitored by LC-ESI-QTOF-MS/MS.
[image: Table 1]2.3 Sample collection
Norway spruce root samples (Picea abies L.) were collected from a depth of 15 cm approximately 1 m from the stem base in the Ore Mts (GPS coordinates 50.65 lat and 13.63 long). The roots were rinsed from the soil, inserted into conical tubes and placed into liquid nitrogen immediately. Samples were freeze-dried, homogenized, passed through 50 µm analytical sieve, and stored at −80°C before LC-ESI-QTOF-MS analysis.
2.4 Preparation of the deep eutectic solvents
Choline chloride (HBA) was mixed with fructose (HBD) in different molar ratios (1:1, 1:2, 2:1 and 5:2) with the addition of 30% water w/w to reduce the viscosity, and the mixtures were stirred at 350 rpm at 60°C on a heating magnetic stirrer (Witeg MSH-20D, Germany) until a transparent liquid was formed.
2.5 General extraction procedure
A 30 mg sample was precisely weighed in 2-mL test tube and 300 mg of DES was added. Then, 200 µL of water was added, and the sample was vortexed and placed into the thermoshaker (Bioer, China) for 30 min at 500 rpm. After extraction, the sample was centrifuged at 13,000 rpm for 5 min; 200 µL of collected supernatant was transferred to a new dry test tube, diluted with 800 µL of methanol, filtered through a 0.22 µm PTFE filter and injected into the LC system.
2.6 Response surface design
In order to validate findings from OVAT optimization, the response surface design was performed. The selected face-centered central composite design with five replicates on the center point was used to find optimal values of shaking speed, extraction time and extraction temperature. The outcome of the RS was a maximizing of the area under the peak of procyanidin B1, catechin, epicatechin and taxifolin. The RS was performed using Minitab v. 17.1.0 (LEAD Technologies, Inc.), and surface plots were generated using in-house Python code. The residues distribution of the obtained models were checked to determine their close to normal distribution characteristics. The residues distribution for catechin and procyanidin B1 were found to be asymmetric; thus Box-Cox transformation of the model input data for those compounds was proposed (the ‘find optimal λ′ option was implemented) giving satisfactory results. The RS is presented in detail in the Supplementary Materials.
2.7 Green assessment tools
The complementary green analytical procedure index (ComplexGAPI) (Płotka-Wasylka and Wojnowski, 2021) was used as the green assessment tool. In addition to the green character evaluation, an assessment of the method practicality was performed. For this purpose, the blue applicability grade index (BAGI) (Manousi et al., 2023) was applied.
3 RESULTS AND DISCUSSION
Parameters affecting the extraction efficiency, such as the choline chloride and fructose molar ratio, shaking speed, extraction time, extraction temperature and addition of water, were investigated.
3.1 Effect of choline chloride and fructose molar ratio
In general, we can consider DESs as promising solvents in extraction and separation processes (Zainal-Abidin et al., 2017). However, the ability of a DES to extract bioactive compounds from plant samples depends on various factors, such as the type of HBA and HBD used as well as their molar ratio. Therefore, ChCl:Fru DESs with various molar ratios were tested for the extraction of polyphenolic compounds from spruce roots. Supplementary Figure S1 shows that the highest extraction yield was obtained for the DES at a 1:2 M ratio; therefore, this ratio was selected for further studies. The results indicate that an increase in the fructose content within the DES structure correlates with enhanced extraction efficiency. This can be attributed to the presence of active groups in the fructose structure, notably five -OH groups and one = O group, capable of forming robust hydrogen bonds with bioactive substances. In contrast, the ChCl structure possesses only one hydroxyl group, leading to a reduction in extraction efficiency. Another influential factor affecting extraction efficiency is dynamic viscosity, impacting the mass transfer process. With an elevation in the concentration of ChCl, the viscosity of the DES increases, consequently leading to a decrease in extraction efficiency. The extraction efficiency of DES was compared with conventional solvents, such as methanol, ethanol and water. Figure 1 shows that the extraction efficiency of DES is higher compared to methanol at 4%–22%, at ethanol 15%–25%, at 42%–58%, depending on bioactive compounds.
[image: Figure 1]FIGURE 1 | Comparison of DES extraction ability with conventional solvent. Extraction conditions: sample amount, 30 mg; DES amount, 300 mg; solvent amount, 500 μL, water volume, 200 µL (in the case of DES); extraction temperature, 10°C; shaking speed, 500 rpm, extraction time, 5 min.
3.2 Effect of shaking speed
Another parameter that influences the extraction yield is shaking speed, which ensures the rate of mass transfer from solid phase into the DES phase. The shaking speed was examined in the range from 100 to 1,500 rpm. From Supplementary Figure S2 is evident that the shaking speed has no significant effect on the extraction efficiency; however, a slight increase was observed at 500 rpm which then remains stable up to 1,500 rpm. Therefore, 500 rpm was selected for further optimization steps.
3.3 Effect of extraction time
The effect of extraction time was examined in the range of 5–60 min. Supplementary Figure S3 reveals that the extraction yield slowly but gradually and clearly increases with time, reaching a maximum value at 30 min, then remains stable. This can be attributed to the heightened solubility of bioactive compounds in the DES during agitation, thereby facilitating the efficient mass transfer of bioactive compounds from the spruce roots to the DES phase. To ensure high extraction yield in the shortest possible analysis time, 30 min was chosen as the optimum value.
3.4 Effect of extraction temperature
Temperature can affect the extraction efficiency; therefore, its influence was studied in a wide range from 5°C to 90°C. In principle, elevating the extraction temperature is expected to decrease the dynamic viscosity of DES, thereby enhancing the efficiency of the mass exchange process. However, excessively high temperatures are undesirable, because the interactions between the DES and bioactive compounds involve an exothermic reaction, in accordance with Van ‘t Hoff’s law. This law asserts that in an exothermic reaction heat is liberated, resulting in a negative net enthalpy change. This, in turn, directly affects the partition coefficient value between the DES and bioactive compounds (Tellinghuisen, 2006). Furthermore, heightened temperatures can lead to the degradation of D-fructose. This degradation may manifest as caramelization followed by pyrolysis of the sugars (Woo et al., 2011).
As can be seen from Supplementary Figure S4, the efficiency of catechin extraction clearly increases with increasing temperature up to 30°C and subsequently decreases. In the case of procyanidin B1, the extraction efficiency is highest and stable up to 20°C; with a further increase in temperature, a lowering of the inter-sample repeatability is observed (30°C–60°C) and at temperatures above 60°C, the extraction efficiency decreases. The extraction efficiency of epicatechin is highest at lower temperatures up to 20°C, and from 30°C it gradually decreases. The extraction efficiency of taxifolin is less affected by temperature, but even in this case we can observe a gentle and slow increase to a maximum of 30°C, followed by a slow but clear decrease. Therefore, choosing the optimal extraction temperature is difficult, and it was necessary to choose a temperature that would provide the best results for the maximum number of analytes. Therefore 10°C was selected for further analysis.
3.5 Effect of water volume
In general, DESs are viscous, which complicates their use for the extraction of substances from solid samples such as plants. The addition of a small amount of water can affect the viscosity, but also the density and polarity of the DES, which can lead to improved extraction properties (El Achkar et al., 2019). On the other hand, an excessive amount of water can weaken the interactions between the DES and the target compounds, as well as the interactions between the DES components, which can lead to disruption of the DES supramolecular structure (El Achkar et al., 2019; Vilková et al., 2020). Therefore, the effect of adding water up to 600 µL was investigated and based on the obtained results (Supplementary Figure S5), 200 µL was selected for further experiments.
3.6 Results of experimental design
In order to confirm the optimal conditions, experimental design was applied. Parameters such as extraction time, extraction temperature and shaking speed were selected for optimization, since the results obtained with OVAT did not include interactions between each optimized factor; thus, it needed to be investigated. In Figure 2 the surface plots of catechin RS optimization are depicted (for others, see Supplementary Materials). Based on the calculations, optimal conditions for catechin determination are a shaking time of 32.5 min, a temperature of 10°C and a shaking speed of 300 rpm. These results are very close to the OVAT optimization. However, for all other optimized compounds strong saddle-shape surface plots were obtained. This can justify findings from OVAT optimization, where the impact of shaking speed and time was insignificant. The insignificance of some factors used for RS also results in a low lack of fit (LoF), where only the RS model for catechin (LoF 0.1 > 0.05) and taxifolin (LoF 0.09 > 0.05) were valid. Therefore, the authors decided to rely on the OVAT results and keep shaking for 30 min at 500 rpm in 10°C.
[image: Figure 2]FIGURE 2 | RS surface plots for catechin peak area optimization. Factors taken for optimization: extraction time (15–45 min), extraction temperature (10°C–50°C) and shaking speed (300–1,000 rpm).
3.7 Application to real samples
To show the applicability of the developed method for the extraction of bioactive compounds, a series of experiments was performed by analyzing Norway root samples spiked with standard solutions at a concentration level of 5 μg g-1. The precision and trueness were evaluated by inter-day and intra-day (five consecutive days) measurements. The results are given in Table 2. The recoveries were between 83% and 117%, with RSD less than 9.9% for inter-day and between 93% and 111% with RSD less than 14% for intra-day experiments, respectively.
TABLE 2 | Inter- and intra-day precision and accuracy of phenolic compounds determination in Norway spruce roots (n = 5).
[image: Table 2]3.8 Assessment of greenness
The ComplexGAPI tool was applied for the evaluation of the green character of the developed procedure. This metric not only allows the evaluation of the analytical protocol in terms of its environmental friendliness but also those processes which precede the analytical procedure itself (Płotka-Wasylka and Wojnowski, 2021; Locatelli et al., 2023). And so, the greenness aspect of the following parameters was evaluated: yield, conditions, reagents and solvents, instrumentation and workup, and purification which may occur before analytical protocol. Considering the generated waste, E-factor is calculated and presented in the middle of the lower part of the pictogram. As these elements can be applied to assess the synthesis of NADES, ComplexGAPI seems be perfect for use in the evaluation of the developed procedure.
Looking at the generated ComplexGAPI (Figure 3A) pictogram it can be concluded that the DES-based shaking-assisted extraction procedure coupled to LC-ESI-QTOF-MS for determination of bioactive compounds from Norway spruce roots can be considered green. This is mainly because the processes related to the synthesis of the DES are based on non-hazardous reagents. In fact, DES synthesis is a very simple process. The synthesis occurs in a 100% yield and no waste is generated during this process (E-factor = 0). The procedure requires small amounts of reagents for the analytical separation; however, what needs to be noted is that moderate toxic solvents (methanol and acetonitrile) are used here. In addition, a few milliliters of waste per sample are generated. The critical point of the procedure is the necessity to transport and store the sample. In order to show the potential of the developed protocol, the greenness of the developed method was compared with that of existing procedures for the extraction of polyphenolic substances from solid plant samples using the ComplexGAPI approach, and the results for the developed method were better or comparable to existing ones (Table 3).
[image: Figure 3]FIGURE 3 | The pictograms of ComplexGAPI (A) and BAGI (B) generated for the DES-based shaking-assisted extraction coupled to LC-ESI-QTOF-MS for determination of bioactive compounds from Norway spruce roots.
TABLE 3 | Comparison of the greenness of the developed method with other reported methods for the extraction of phenolic compounds by means of ComplexGAPI analysis.
[image: Table 3]In addition to the green character evaluation, an assessment of method’s applicability was performed. For this purposes, blue applicability grade index (BAGI) was applied. This metric can be considered complementary to the ComplexGAPI (and other metrics), and it is mainly focused on the practical aspects of White Analytical Chemistry (WAC) (Manousi et al., 2023). Two different types of results can be obtained using the BAGI metric tool and they are correlated to the obtained pictogram and the obtained score as is visible in Figure 3B. In order to be considered practical, it is recommended that the method attains at least 60 points.
Looking at the BAGI pictogram, a great deal of information can be found at first glance. First of all, the information of the analysis was both quantitative and confirmatory due to the employment of the MS detector. The determination enabled the quantification of eight compounds belonging to two different classes (polyphenols and acids). Since the DES needs to be synthesized in the lab in a relatively simple and straightforward way using simple equipment, the procedure lost few points. Regarding the instrumentation, sophisticated equipment was employed. The simultaneous sample preparation can be easily performed using a multichannel pipet. As demonstrated by the results, a one-step preconcentration was needed. The autosampler of LC was used to inject the samples. As for the sample preparation, miniaturized extraction was employed, and the sample volume for the plant matrix was 30 mg. Thus, a BAGI score of 67.5 is attained for the method and the whole protocol shows good applicability potential.
4 CONCLUSION
In conclusion, this study introduced an environmentally friendly shaking-assisted extraction procedure utilizing a deep eutectic solvent based on choline chloride and fructose for the efficient extraction of polyphenolic compounds from Norway root samples coupled with LC-ESI-QTOF-MS detection. For the optimization of extraction efficiency, two optimization approaches were utilized: one-variable-at-a-time and confirmed by response surface design. Almost identical experimental conditions were achieved using both optimization techniques, as follows: 30 mg of the sample, 300 mg of ChCl:Fru 1:2 DES with 30% w/w water content, shaking speed set at 500 rpm, extraction time of 30 min, and an extraction temperature of 10°C. The DES was compared with conventional solvents and the results showed that the extraction efficiency of DES is higher compared to methanol, ethanol, and water. The environmental sustainability of the developed method was evaluated using the ComplexGAPI, while the practicality of the developed procedure was assessed through the blue applicability grade index. Furthermore, the method was successfully applied to the analysis of spruce root samples, yielding satisfactory results. We can assume that the suggested approach can (of course, after appropriate validation) also be used for samples of other plants with a similar structure or for the roots of other plants.
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We provide an extensive review of 14 studies (11 independent and three industry-funded) on emissions generated by Electronic Cigarettes (ECs), specifically focusing on the evaluation of carbonyls present in these emissions and emphasizing a meticulous evaluation of their analytical methods and experimental procedures. Since the presence of carbonyl by-products in EC aerosol is concerning, it is important to evaluate the reliability of emission studies quantifying these compounds by verifying their compliance with the following criteria of experimental quality: authors must 1) supply sufficient information on the devices and experimental procedures to allow for potentially reproducing or replicating the experiments, 2) use of appropriate puffing protocols that approach consumer usage as best as possible, 3) use of appropriate analytical methods and 4) usage of blank samples to avoid false positive detection. Outcomes were classified in terms of the fulfilment of these conditions as reliable in seven studies, partially reliable in five studies, and unreliable in two studies. However, only five studies used blank samples and six studies failed the reproducibility criterion. Carbonyl yields were far below their yields in tobacco smoke in all reproducible studies, even in the partially reliable ones, thus supporting the role of ECs (when properly tested and operated) as harm reduction products. This review highlights the necessity to evaluate the quality of laboratory standards in testing EC emissions to achieve an objective assessment of the risk profile of ECs.
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1 INTRODUCTION
Cigarette smoking is responsible for seven million premature deaths each year, including non-smokers passively exposed to exhaled tobacco smoke (Centers for Disease Control and Protection CDC, 2020; World Health Organization WHO, 2023). A global institutional effort has been deployed to address and contain this major health problem, including interventions to prevent smoking initiation and to induce smoking cessation (Athyros et al., 2013; Caponnetto et al., 2013; Kotz et al., 2020). Tobacco Harm Reduction (THR) provides an important and valuable complement to this effort through the substitution of tobacco cigarettes with much safer consumer products such as processed oral smokeless tobacco and Electronic Nicotine Delivery Systems (ENDS) (Amos et al., 2016; Abrams et al., 2018). The latter is a large class of products comprising Electronic Cigarettes (ECs) and heated tobacco products (HTPs), both delivering nicotine through an aerosol generated electronically without combustion. ECs generate an aerosol by condensing vapor produced by heating a liquid solution (the “e-liquid”) with power supplied by an electric battery at temperatures of 180°C–270°C well below tobacco ignition (McNeill et al., 2018; National Academies of Sciences Engineering and Medicine et al., 2018) (HTPs generate a similar aerosol from specially reconstituted tobacco elements). While usage of both types of ENDS is endorsed by several public health experts (Balfour et al., 2021) and has been incorporated in tobacco control policies in the United Kingdom (Office for Health Improvement and Disparities (formerly Public Health England)., 2022) and New Zealand (Ministry of Health NZG, 2024), there are objections to their implementation in public health policies (Ministry of Health NZG, 2024; Pisinger and Døssing, 2014; World Health Organization, 2022), making their usage a controversial issue. However, there is a widespread consensus sustaining that ENDS aerosols expose smokers and bystanders to a significantly reduced level of Hazardous and Potentially Hazardous Compounds (HPHCs) in comparison with cigarette smoke (Amos et al., 2016; Ministry of Health NZG, 2024; U.S. Food and Drug Administration, 2023).
Tobacco smoke is a highly complex set of combustion-originated aerosols, with mainstream emissions inhaled and exhaled by smokers and sidestream emissions emerging from the burning/smouldering tip of cigarettes. Both emissions are generated by the ignition of tobacco biomass at 800°C–950°C, while sidestream emission occurs at 400°C–660°C at the smouldering cigarette tip when the smoker is not puffing (Baker et al., 2004). Environmental tobacco smoke (ETS) is a third aerosol formed by the diluting mixture of mainstream and sidestream emissions in interaction with exogenous environmental pollutants. These emissions expose smokers (and bystanders) to a wide variety of toxicologically relevant HPHCs responsible for multiple adverse health effects (Centers for Disease Control and Prevention et al., 2010). In contrast, aerosols generated by ECs necessarily avoid much of the physicochemical complexity of tobacco smoke, since there is no sidestream emission and their mainstream emission does not contain 97%–99% of compounds (including HPHCs) in tobacco smoke. Emission studies have revealed that carbonyls (specially aldehydes such as formaldehyde, acetaldehyde, and acrolein) are the most abundant (or less negligible) by-products (McNeill et al., 2018; National Academies of Sciences Engineering and Medicine et al., 2018; Office for Health Improvement and Disparities (formerly Public Health England)., 2022), originating from the aerosol formation process from thermal degradation (low-energy pyrolysis or torrefaction) of the ingredients in e-liquids, propylene glycol (PG), and glycerol or vegetable glycerine (VG), which are decomposed into carbonyl compounds, while flavour chemicals also produce by-products (some of which are toxic) from their degradation. Further concerns have been raised for the possible presence of trace levels of metals in the e-liquids and aerosols of ECs, likely leached or transported from the metal components of ECs (McNeill et al., 2018; National Academies of Sciences Engineering and Medicine et al., 2018; Office for Health Improvement and Disparities (formerly Public Health England)., 2022). Carbonyls are particularly concerning because of their association with deleterious health effects. The International Agency for Research on Cancer (IARC) classifies formaldehyde as a human carcinogen (Group 1) (International Agency for Research on Cancer IARC, 2006). Acetaldehyde is possibly carcinogenic to humans (Group 2 B) according to IARC, and acrolein is probably carcinogenic to humans (Group 2A) (Cogliano et al., 2005; International Agency for Research on Cancer IARC, 2021).
To assess health risks in users, quantification of the contents of HPHCs in EC aerosols is essential. This can be achieved by laboratory emission studies in which the devices are puffed with machines simulating user inhalation. Although these tests rely on standardized and regimented puffing protocols that (evidently) do not accurately reproduce real usage, their outcomes might provide the most basic estimation of potential health risks to users. However, given the wide diversity of ECs (devices, coils, e-liquids, nicotine levels, and flavours), there is also a wide diversity of outcomes in the literature on emissions. Hence, to navigate this complexity and to best interpret the objectivity and reliability of these outcomes (and the inferred risk assessment), it is necessary and important to verify (acknowledging limitations) whether the studies comply with basic criteria of experimental quality. Specifically, emission studies must comply with the following requirements: 1) provide sufficient information on the devices and experimental procedures to allow for a potential reproducibility of outcomes; 2) set up appropriate puffing parameters that are as close as possible to the design of the devices and their usage by consumer; 3) use appropriate analytical methods; and 4) use blank samples to control sample contamination. We consider that the degree of fulfilment of these quality criteria is a necessary condition for assessing the reliability of their experimental outcomes.
Two previous review articles (Soulet and Sussman, 2022b; Soulet and Sussman, 2022a) examined 48 emission studies published after 2018 (12 studies on metals and 36 on organic by-products), evaluating the reliability of their outcomes by verifying the fulfilment of the experimental quality requirements listed above. In the present review, we examine 14 studies (Van Leeuwen et al., 2004; Conklin et al., 2018; El Mubarak et al., 2018; Stephens et al., 2019; Gillman et al., 2020; Nicol et al., 2020; Talih et al., 2020a; Rajapaksha et al., 2021; Son and Khlystov, 2021; El-Hellani et al., 2022; Lalonde et al., 2022; McGuigan et al., 2022; Pinto et al., 2022; Talih et al., 2022) not previously considered in (Soulet and Sussman, 2022a), providing a strong emphasis on the detailed critique of the analytical methods. While more than half of the studies reviewed in (Soulet and Sussman, 2022b; 2022a) generated emissions by puffing sub-ohm high-power devices (power settings above 40 W, resistances below 1 Ω) under conditions that favour overheating (see details in (Soulet and Sussman, 2022b; 2022a)), in the present review all 14 studies (except one) examined low-powered devices under appropriate puffing protocols associated with the CORESTA Recommended Method (CRM) 81 (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015; International Organization for Standardization ISO, 2018c): 3 s puffs, 30 s inter-puff lapse, 55 mL puff volume and 1 L/min airflow rate, or slight variations of these puffing parameters. In addition, most studies used standard appropriate analytical methods, but only six used blank samples, and one-third of the studies (6 out of 14) failed to provide sufficient information to potentially reproduce or replicate the experiments.
This work aims to provide a comprehensive review of emission studies conducted on ECs, with a particular focus on the assessment of the analytical methods employed in measuring carbonyls. Our section-by-section content is as follows. In Section 2, we describe the PRISMA search process for selecting the studies that we revised. Previous reviews are summarized in Section 3, while in Section 4, we present reviews of the 14 studies. A comprehensive discussion and summary of the revised studies are presented in Section 5, and our conclusions are presented in Section 6.
2 METHODS
We performed a search of the PubMed database of articles on carbonyls in aerosol emissions of conventional cigarettes, electronic cigarettes, and heated tobacco products (see the PRISMA-recommended workflow displayed in Figure 1) (Page et al., 2021). The searched keywords were: {carbonyl OR aldehyde OR formaldehyde OR acetaldehyde OR acrolein} AND {e-cig aerosol OR electronic cigarette aerosol}. The searched terms used to locate articles did not include “HPHCs” or “Toxicants”, which may have resulted in relevant studies that included carbonyls being overlooked.
[image: Figure 1]FIGURE 1 | PRISMA-recommended workflow.
The initial search was performed on titles and abstracts, excluding articles published before 2018, considering that such studies were revised in the review of carbonyls by Farsalinos and Gillman and published in 2018 (Farsalinos and Gillman, 2018). We also excluded the studies reviewed by Soulet and Sussman (Soulet and Sussman, 2022b). Subsequently, a full-text search was performed by two independent reviewers to exclude articles that did not meet our purposes, such as reviews, exposure studies, biochemical studies, studies not focusing on carbonyls and studies that were not performed on aerosols. No language restriction was applied. We critically analysed the papers that were not excluded to highlight the limitations of the analytical methods, and puffing regimes, and to capture protocols used in the carbonyl analysis of, and ECs aerosols. In particular, we examined the fulfilment of the following criteria of experimental quality:
• Studies conducted on aerosols collected according to the standardized or recommended puffing protocol of the Cooperation Centre for Scientific Research Relative to Tobacco (CORESTA).
• Aerosols were adequately treated for carbonyl entrapment.
• Analytical methods were adequate and reproducible, with particular attention to blank analyses.
• Samples were stored adequately prior to analysis.
The reproducibility criterion follows from demanding that authors provide in their methods section, main manuscript and/or supplementary material, full information of all pertinent parameters, variables and outcomes in their experimental procedures, which makes it possible for other researchers, in principle, to reproduce or replicate the experiments. The following items were assessed to determine reproducibility: operating parameters and characteristics of the devices, e-liquid composition and nicotine concentration, protocols for aerosol generation, sample treatment and analytical method outcomes obtained in all performed repetitions of the experiments that were performed and all data from statistical analyses. If full information was supplied on these items, then the study is considered reproducible (Resnik and Shamoo, 2017; Laraway et al., 2019).
The search resulted in 14 studies, which we review in this article by placing a stronger emphasis on analytical methods, thus providing a more detailed examination of the processes of carbonyl analysis, the derivatization procedure, and the analytical method used for quantitative analysis. The PRISMA-recommended workflow was used (Figure 1).
3 PREVIOUSLY PUBLISHED REVIEW ARTICLES ON EC CARBONYL EMISSIONS
Farsalinos and Gillman published in 2018 (Farsalinos and Gillman, 2018) an outstanding landmark review of 32 studies on the emission of carbonyls from e-cigarette aerosols. Their revision elucidated methodological concerns on laboratory testing of EC emission that were discussed later in (Visser et al., 2021) and in (Soulet and Sussman, 2022a; Soulet and Sussman, 2022b), providing also relevant context for the present review article.
In their discussion section Farsalinos and Gillman provide a detailed description and discussion of the “Dry puff” phenomenon, an organoleptic (sensorially perceived) effect that users of ECs identify with a repellent burning taste in the aerosol. Farsalinos and Guillman explain how this phenomenon occurs when the balance of thermal energy on EC operation is disrupted by supplying excessive power, which produces conditions for a sufficiently rapid e-liquid consumption and its subsequent depletion in the tank, facilitating the pyrolization of the organic material in the wick by the heated coil, hence the users’ perception of a “burning” taste.
While there was already evidence before 2018 that rising supplied power increases aldehyde yields (Geiss et al., 2015; Gillman et al., 2016), Farsalinos and Gillman showed that, besides their organoleptic effect, dry puff conditions prompt a more significant rise of carbonyl yields in the emissions (even surpassing those of cigarette smoke in extreme cases). Farsalinos and Guillman cited and commented previous studies (Farsalinos et al., 2017a; Farsalinos et al., 2017b; Farsalinos et al., 2015; Farsalinos et al., 2018; Geiss et al., 2015) that not only verified users’ recognition of the organoleptic effect of dry puffs (burning repellent taste), but also verified the increase in carbonyl yields by programing their vaping machines to reproduce (as close as possible) the puffing parameters specifically reported by users as associated with a dry puff sensation. The studies cited before (Farsalinos et al., 2017a; Farsalinos et al., 2017b; Farsalinos et al., 2015; Farsalinos et al., 2018; Geiss et al., 2015) were updated more recently by (Visser et al., 2021) in a detailed observational study complemented with analytic quantification of aldehyde levels in the specific puffing parameters that recruited vapers reported as dry puffs sensations.
Farsalinos and Gillman also focused on replications (Farsalinos et al., 2017a; Farsalinos et al., 2017b; Farsalinos et al., 2018) of three studies that had reported excessively high aldehyde yields (surpassing in two of them levels found in tobacco smoke). The replications proved that such excessive yields occurred under dry puff conditions, but aldehydes remained well below their level in tobacco smoke when the devices were tested under lesser power levels in agreement with normal consumer usage.
Since older EC devices lacked power control, users risked being surprised by the sudden emergence of a dry puff, which would evidently cause them to discontinue further puffing, but vaping machines used in the laboratory continue operating. Since only four of the 32 reviewed studies explicitly verified the occurrence of dry puff conditions, Farsalinos and Gillman suggested that several of the remaining 28 reviewed studies might have been conducted without awareness of these conditions, which do not represent normal conditions of realistic consumer usage. This observation prompted them to recommend that emission studies must consider beforehand puffing parameters that avoid these conditions.
The review of 36 emission studies focused on organic by-products by (Soulet and Sussman, 2022b) updated and extended key issues on carbonyls in EC emissions examined by Farsalinos and Gillman 4 years before. Soulet and Sussman also presented an important result previously reported by Talih et al. (Talih et al., 2020b), namely, the existence of a threshold of supplied power that triggers the onset of the exponential increase in the reaction pathways of carbonyl production. Moreover, they provided also a connection between this exponential increase, key puffing parameters (supplied power and airflow rate) and thermodynamical efficiency of the vaping process. They also re-examined the “Dry Puff” phenomenon discussed by Farsalinos and Gillman, showing that this phenomenon might occur along an abrupt process in low-powered devices (as in devices tested before 2018), but might occur gradually in high-power devices whose operational power range is much wider. Soulet and Sussman evaluated the 36 revised studies in terms of quality criteria of experimental design, criteria that we have adopted and adapted to evaluate the 14 emission studies considered in the present review.
4 CARBONYLS IN EC EMISSION STUDIES
In what follows we provide an extensive review of emission studies that have not been previously reviewed. The studies are summarized in Tables 1, 2, and their evaluations are summarized in Table 3.
TABLE 1 | Summary of analytical methods used in reviewed papers on carbonyls in emissions from e-cigarettes. Information on the usage of blank samples and other method validation is provided in Table 2.
[image: Table 1]TABLE 2 | Summary of method validation used in reviewed papers. √ represents the presence of analysis blanks. In contrast, x represents the flawed or lack of blank samples.
[image: Table 2]TABLE 3 | Evaluation of the revised studies in terms of fulfilment of the four conditions of experimental quality. We used the symbols √ and x to denote one and zero score points, while “1/2” denotes half a point when a condition was partially fulfilled. Reliability is given in a “traffic light” coloring, with “Reliable” (green) for a score 3.0 and above, “Partially Reliable” (yellow) for a score between 2.0 and 3.0, and “Unreliable” (red) for a score below 2.0.
[image: Table 3]Devices and aerosol generation. The authors used a software-controlled (FlexiWare) cigarette-smoking robot (CSR) (SCIREQ; Montreal, CAN), with e-liquids and carrier solutions PG or VG (or mix of PG: VG) from cartridges of commercial blu® EC, loaded into a refillable, clear tank (0.5 mL) atomizer with a coil resistance of 1.8 Ω coupled with a rechargeable blu PLUS + TM (3.7 V) battery (power output 7.6 W) (Conklin et al., 2018). Puffing regime: 4 s puff, 91 mL puff volume, and two puffs/min.
Analytical methods. The authors aimed to study urine biomarkers from whole-body exposure of 12–20-week-old mice to EC aerosols and 3R4F smoke. The levels of carbonyls emitted by the loaded e-liquids with various flavors were quantified. Ten puffs were collected in Tedlar bags. A silicon microreactor coated with 4-(2-aminooxyethyl)-morpholin-4-ium chloride (AMAH) was used to trap carbonyl compounds via oxidation reactions. The analysis was performed using gas chromatography-mass spectrometry (GC-MS) or Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). Analyses were performed on aerosols from liquids containing only PG, VG, or mixtures at different ratios of 25/75 (PG/VG), 50/50 (PG/VG), and 75/25 (PG/VG). The analysis was carried out by derivatizing the carbonyls with AMAH. This method derivatizes carbonyls by forming oximes using AMAH. The latter must be synthesized, and this can lead to increased error in the reaction with carbonyls if byproducts can be formed in the AMAH synthesis reaction or if it is not purified properly. In addition, before performing GC-MS analysis, the oximes synthesized with carbonyls must be treated with poly-4-vinylpyridine to convert positively charged AMAH adducts to neutral AMA adducts.
Carbonyl yields. formaldehyde 0.25 ± 0.12 μg/puff, acetaldehyde 1.01 ± 0.34 μg/puff, acetone 0.11 ± 0.007 μg/puff, and low levels of crotonaldehyde 0.25 ± 0.12 ×10−3 μg/puff were found in the emissions of liquids containing only PG. Acrolein levels were below the detection limit. in VG-only emissions, formaldehyde was 0.59 ± 0.11 μg/puff, acetaldehyde 0.70 ± 0.03 μg/puff, acetone 0.11 ± 0.01 μg/puff and acrolein 0.08 ± 0.002 μg/puff, but crotonaldehyde was below the LOD. The 3R4F cigarette was puffed with 2 s puff, 35 mL puff volume, one puff/min (International Organization for Standardization ISO, 2012). Although the authors made no explicit comparison, aldehydes in EC emissions resulted in significantly lower yields than those in the smoke of the reference cigarette 3R4F.
Device and aerosol generation. A Nautilus atomizer with a 0.7 Ω resistance and supplied voltage of 3.7 V (19.5 W) and a VTC EC were used for sample production (El Mubarak et al., 2018). Thirty puffs were smoked at 3s intervals (El Mubarak et al., 2018).
Analytical methods. This study aims at quantifying the carbonyl compounds in e-cigarette emissions, as they are produced by the decomposition of VG and PG contained in e-liquids. Carbonyls were derivatized with DNPH, by reacting the aerosol sample with a solution of acetonitrile, water, and H3PO4. Aerosols were collected from the impingers containing a solution of DNPH, water H3PO4, and acetonitrile. The reaction was run for 30 min, and NaOH was used to alkalize the pH of the solution, allowing it to pass through the chromatography columns. Aerosols were collected from two impingers that contained a solution of DNPH and acetonitrile. Analyses were performed using UHPLC-UV. The method of analysis used is adequate, although the authors state that ultra-performance liquid chromatography coupled with mass spectrometry is more sensitive but still uses UV as the detector.
Carbonyl yields. The results of this study were expressed as carbonyls emitted by e-liquids in μg/puff or μg/mL. In particular, for the carbonyl compounds analyzed, an e-liquid made of 100% PG produced a smaller quantity of carbonyls than that made of 100% VG and the same from e-liquids with VG/PG ratios of 50/50 (PG/VG) and 70/30 (PG/VG). The yields in μg/puff were 0.004 ± 0.0003 (pure PG) and 0.079 ± 0.008 (pure VG) for formaldehyde and 0.011 ± 0.001 (pure PG), 0.053 ± 0.0008 (pure VG) for acetaldehyde.
Device and aerosol generation. The EC device consisted of a mouthpiece, an atomizer to vaporize e-solution at a fixed voltage of 4.2 V, a 2-mL cartridge for storing the EC liquid, and a 900-mAh rechargeable battery. A computerized vaping machine was used with the following puffing protocol: 2 s puff duration and 10 s inter-puff duration, with 5, 10, and 15 puffs in each session. The authors did not specify the percentages of PG and VG contained in the e-liquid, which is particularly relevant because different percentages of these two compounds affect the emission of carbonyl compounds.
Analytical methods. Carbonyl compounds in the EC aerosols were analyzed by derivatization using DNPH and HPLC-UV analysis (Lee et al., 2018). The obtained samples were entrained through an impinger filled with a derivatization solution of acetonitrile and DNPH acidified with H3PO4, and then analyzed using the HPLC-UV method. It is conceivable that the duration of the reaction is reported for the analysis of carbonyl compounds in e-liquids and, therefore, performed correctly for 30 min. However, it was not possible to precisely determine this, and it was not possible to determine whether the reaction was quenched with a base, as it was not reported by the authors. This could promote secondary condensation reactions and prevent proper quantitative analysis of carbonyls.
Carbonyl yields. Seven carbonyl compounds were analyzed: formaldehyde, acetaldehyde, acrolein, propionaldehyde, butyraldehyde, isovaleraldehyde, and valeraldehyde. In general, formaldehyde was always detected in samples at higher concentrations than those of all other carbonyl compounds. For example, in sample R-2D, the concentration of formaldehyde in μg/mL was 3.2 ± 0.41, while that of acetaldehyde was 0.3 ± 0.01 and acrolein was 0.0002.
Device and aerosol generation. Three generations of EC devices (Kanger-tech CE4, EVOD, and Kanger-tech CE4) and e-liquid formulations with different PV/VG ratios were used. Coils with 1.8 Ω resistance were used for the CE4 and EVOD devices, and power was supplied by an external controllable power supply. The Subox Mini-C includes a 1.5 Ω SSOCC atomizer powered by its battery. Although some characteristics of EC were explained, the author did not state the power setting (in Watts) at which the tests were performed. Aerosols were produced by vaping 50–55 mL puffs for 4 s at intervals of 30 s (CRM 81, ISO 20768:2018) (International Organization for Standardization ISO, 2018c).
Analytical methods. This study aimed to quantify the carbonyls in the emissions from these ECs using a method to trap aerosols consisting of amorphous silica into a syringe for later extraction (Stephens et al., 2019). The aerosols were trapped as droplets on the syringe walls and silica wool threads. The aerosol was recovered from a silica syringe, placed in a centrifuge tube, and centrifuged again. It was then stored at −20°C until analysis. The authors stated that silica wool retained approximately 94 percent of its vaporized liquid mass. Analyses were performed using the CRM 74 method (International Organization for Standardization ISO, 2018a; Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2019). The samples were reacted with DNPH for 25 min and then stabilized with Trizma base solution. The derivatized carbonyls were studied using HPLC-DAD and HPLC-MS/MS. Separation was achieved using a C18 column, water, and a mixture of acetonitrile and methanol (1:14) as the mobile phases. The analysis was performed on samples stored at room temperature and −20°C to limit the loss of volatiles. No significant differences were observed among the samples. The recovery of carbonyls by centrifugation was also tested, and the results showed good recovery for all carbonyls, except formaldehyde.
Carbonyl yields. In general, the results for the carbonyls are in agreement with the literature, showing that the use of silica fibers allows for an accurate analysis of carbonyl emissions. In particular, formaldehyde ranged from 0.182 ± 0.023 to 9.896 ± 0.709 μg/puff, and acetaldehyde ranged from 0.059 ± 0.005 to 0.791 ± 0.073 μg/puff. The high upper-end yields of formaldehyde are likely associated with excessive supplied power (a valid assumption since the author did not reveal the power levels used for the aerosol production).
Device and aerosol generation. Aerosols were generated by ten Innokin iSub EC devices (two of which were eliminated from the study) equipped with 1.2 Ω coils powered at 12 W by an Evolv DNA 200 battery unit (Gillman et al., 2020). The devices were tested with four flavored and one non-flavored e-liquids. Puffs were generated by a Cerulean SM450e equipment with the puffing regime of CRM 81 (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015; International Organization for Standardization ISO, 2018b).
Analytical methods. Highlight differences in carbonyl emission as a function of degradation of the main components of e-liquids, PV, and VG. The unflavoured formulation was homemade to match the PG/VG ratio and nicotine content of the four flavored formulations. The flavored formulations contained a 2/1 ratio of PG/VG and 1.8% nicotine. The unflavored formulation was prepared using a 2/1 ratio of PG/VG and 1.8% nicotine. Tanks and coils were reused for all formulations, emptied, washed with methanol, and air-dried overnight before they were filled with the next formulation. Three replicates were collected for each formulation from 10 ECs, for a total of 30 samples per formulation. Aerosol samples were collected in impingers using a DNPH trapping solution prepared using acetonitrile and H3PO4, and then quenched with pyridine. The samples were then analyzed using HPLC-UV (Gillman et al., 2016). Separation was achieved using a C18 column and solvent mixture as the mobile phase, as indicated by CRM 74 (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2019; International Organization for Standardization ISO, 2018a).
Carbonyl yields. The flavored formulations tested resulted in a 150%–200% increase in acetaldehyde, no increase or decrease in acrolein, and, depending on the flavored formulation, an increase, decrease, or no change in formaldehyde levels. The methodology of this study was comprehensive and well applied.
Device and aerosol generation. The purpose of this study was to characterize EC emissions using stainless-steel mesh fabric-free distillation plate technology that heats and aerosolizes e-liquid in a single process (Nicol et al., 2020). Carbonyl emissions were compared with those of a reference cigarette, 1R6F, and an EC device EC(BT) Vype ePen. Having ascertained that the device plays an important role, especially regarding the wick and heating coil, the authors developed a novel device that takes advantage of distillation plate technology. IS1.0 (TT) comprises a stainless-steel wire pressed into a mesh structure. It did not contain a wick or a heating coil. According to the authors, this would result in lower levels of carbon emissions. The EC used to compare carbonyl emission levels had the following characteristics: a rechargeable battery section, a replaceable e-liquid-containing cartridge, and a nichrome wire coil heater wrapped around the wick, with a power output of 4.6 W at 3.6 V. The smoking regimen for the reference cigarette, 1R6F, was Health Canada (HCI) (ISO 20778:2018) (International Organization for Standardization ISO, 2018a), while the CRM 81 (ISO 20768:2018) (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015; International Organization for Standardization ISO, 2018b) was chosen for e-cigarettes.
Analytical methods. The analytical method used for the detection of carbonyls is described in the Supplementary Material. The authors used a non-standardized and unconventional method for the detection of carbonyls. Aerosols collected in the impingers were extracted with water, derivatized with PFBHA, and analyzed using GC-MS. Furthermore, the authors compared the results obtained with the blank sample, which was optimal; however, they used different reference values for IS1.0 (TT) (referred to as IS2.0), 1R6F, and EC(BT): micrograms per 50 puffs, micrograms per cigarette, and micrograms per 100 puffs, respectively.
Carbonyl yields. When the results are compared, it is not clear why the authors maintained different ratios and did not report all the results to one universal unit of measure for all three devices used.
Device and aerosol generation. The authors analyzed the emissions of American and British Juul pods, including their electrical power, total and free nicotine, PG/VG ratio, carbonyls, and reactive oxygen species (Talih et al., 2020a). Liquids and aerosols were analyzed by GC-MS, HPLC, and fluorescence. In particular, aerosols were generated using the AUB Aerosol Lab Vaping Instrument, programmed to perform 15 puffs of 4-s duration, a 10-s interval between puffs, and a flow rate of 1 L/min.
Analytical methods. Carbonyl compounds were trapped on the DNPH cartridges, eluted with 90/10 (v/v) ethanol/acetonitrile, and quantified using HPLC-UV. Gradient elution was performed using a C18 column. The solvents used were water/acetonitrile/THF (60/30/10, v/v/v), water/acetonitrile (20/30, v/v), and acetonitrile.
Carbonyl yields. Compared with the U.S. version, the Juul UK version had approximately one-third the concentration of nicotine in liquids and aerosols. In this case, the authors used an unusual puffing regime, and the final volume of aerosols collected was not reported. Regarding carbonyl compounds, differences were found regarding formaldehyde emissions 4.07 (0.24) (μg)/15 puffs in Juul USA and 3.66 (0.14) in Juul UK, while very similar results were found for acetaldehyde, acetone, and acrolein.
Device and aerosol generation. This paper aimed at analyzing three flavors of Juul pods with 3.7 V and 1.6 Ω coil using a new analytical approach: runtime cavity ringdown spectroscopy (rtCRDS) (Rajapaksha et al., 2021). Aerosols were generated using a peristaltic pump following the ISO 20768:2018 (International Organization for Standardization ISO, 2018d) vaping pattern, but with a higher puff volume to compensate for the relatively weak aerosol generation observed in the Juul device compared with the previous generation devices. The puff duration was 4 s, with a 30 s interval between puffs and a volume of 73.33 mL per puff.
Analytical methods. Aerosols were collected in Tedlar gas bags and analyzed using rtCRDS immediately after aerosol collection. The authors used a fairly novel and highly sensitive technique to identify trace levels of chemicals in air. Specifically, it was used to characterize aerosols with a resolution of a single puff. The technique is based on quantum cascade lasers, which, unlike typical IR, provide low energy to allow the analytes to be excited in their vibrational state, thus allowing for the selective identification of molecules through their molecular fingerprints.
Carbonyl yields. Five spectral datasets were acquired for each sample and the average was used to plot the IR spectra of each sample. The authors claimed that PG oxidation is one of the main sources of acetaldehyde in Juul aerosols. However, the results of the analysis only show the presence or absence of carbonyl analytes; in fact, the analysis is not quantitative, and the results reported are not quantifiable.
Device and aerosol generation. The purpose of this study was to develop a method for producing aerosols from ECs (Son and Khlystov, 2021). The authors developed a vaping machine (E-ACES), analyzed the aerosols produced, and compared them with aerosols produced using conventional smoking machines. An EC ‟mod” type ReuLeaux RX200 and an Aspire Cleito atomizer were used to produce aerosols. The authors used a puff duration of 4 s, vapor volume of 100 mL vaping interval of 30 s, tobacco-flavored e-liquid (30/70 PG/VG), and 6 mg/mL nicotine at 50 W power output. The puffing parameters lead to an airflow rate of 25 mL/s = 1.5 L/min, but coil resistance was not specified, so it is not possible to determine if this airflow was appropriate for a device powered at 50 W.
Analytical methods. Aerosols were passed through glass wool and beads soaked in an acidic solution of DNPH in acetonitrile. Five aerosol puffs were collected and extracted with acetonitrile. For carbonyl analysis using the conventional puffing method, aerosols were passed through DNPH cartridges and extracted with acetonitrile. All samples were analyzed using an HPLC-UV system using acetonitrile and ultrapure water to separate the carbonyl compounds. However, the chromatographic columns used were not described.
Carbonyl yields. The carbonyl levels measured using the DNPH filter/cartridge method and E-ACES were not significantly different, except for benzaldehyde levels determined using the conventional method, which were significantly higher than those determined using the E-ACES method (0.219 ± 0.008 μg/puff vs 0.111 ± 0.026 μg/puff).
Device and aerosol generation. This study analyzed aerosols from “do-it-yourself” e-cigarette liquids (El-Hellani et al., 2022). Aerosols were produced using the AUB Aerosol Lab22 with a puffing regime of 10 puffs for 4s, an interval between puffs of 10s, and a flow rate of 8 L/min.
Analytical methods. A 1 L/min branch was used for carbonyl quantification using DNPH cartridges. There was missing information in this study, which was not found in the Supplementary files. In fact, the characteristics of the ECs are not explained; for example, the coil resistance or supplied power is a significant flaw because this lack of information makes it impossible to reproduce and assess the results of the analysis.
Carbonyl yields. The carbonyl emissions of DIY concentrates, or menthol and tobacco flavorings mixed with DIY additives were comparable to those of commercially flavored e-liquids. The addition of sucralose to PG/VG resulted in a significant decrease in acetone and crotonaldehyde but a significant increase in propionaldehyde. The addition of ethylmaltol resulted in increased acetaldehyde levels. However, these outcomes might vary with alternative “do-it-yourself” e-liquids.
Device and aerosol generation. The authors aimed at testing a “triple puff” method to perform aerosol collection faster and compare it with the traditional method (Lalonde et al., 2022). Juul e-cigs were vaped according to the ISO 20768:2018 regimen (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015; International Organization for Standardization ISO, 2018b) (55 mL, 3 s, and 30 s between puffs). Single-puff aerosols were produced using linear smoking machines and triple-puff aerosols were produced using rotary smoking machines.
Analytical methods. Carbonyl concentrations were measured by Enthalpy Analytical by Enthalpy’s SOP AM-244. An aliquot of the aerosol condensate was derivatized using DNPH. The analyses were performed by UHPLC-MS/MS. The results of the carbonyl analysis collected using these two methods were then compared with those of the 1R6F reference cigarette.
Carbonyl yields. Acrolein and acetaldehyde were found to be different from the triple puff and single puff methods, which the authors attributed to the degradation of acetaldehyde. To achieve these considerations, the authors failed to accurately describe the analytical method, which rendered it impossible to reproduce (a serious flaw).
Device and aerosol generation. The purpose of this study was to develop a quantitative method for measuring four harmful carbonyls (acetaldehyde, acrolein, crotonaldehyde, and formaldehyde) in aerosols generated by ECs (McGuigan et al., 2022). Aerosols were formed using a CETI-8 vaping machine following the CRM 81 method (ISO 20768:2018) (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015; International Organization for Standardization ISO, 2018b). The authors did not provide a description of EC devices.
Analytical methods. The tested method used a commercially available sorbent bed treated with a derivatization solution to trap and stabilize the carbonyls. Analytes were extracted from the sorbent material using acetonitrile and analyzed using HPLC-MS/MS. Separation was performed using a C18 column equipped with a precolumn. Water with ammonium acetate and acetonitrile were used as the mobile phase.
Carbonyl yields. The devices produced aerosols containing the following ranges of carbonyls: acetaldehyde (0.0856–5.59 μg), acrolein (0.00646–1.05 μg), crotonaldehyde (0.00168–0.108 μg) and formaldehyde (0.0533–12.6 μg). The study reported that the method blank samples collected and analyzed daily showed no residual carbonyl content in solvents, cartridges, or vaping. The authors did not describe the EC devices used for aerosol generation, which is a serious shortcoming that prevents assessing the study outcomes on the formation of carbonyl byproducts.
Device and aerosol generation. In this study, aerosols emitted from fourth generation “pod” EC devices Vype ePod1.0 using microporous ceramic as the wicking material were compared with those emitted from the conventional reference 1R6F cigarette (Pinto et al., 2022). The EC operates within a range from non-adjustable 2.2–3.1 V non-adjustable, a power of 6.5 W, resistance NiCr, 0.8–1.4 Ω. Conventional cigarettes were smoked according to the ISO intense smoking regime typically using 9–10 puffs. EC aerosols were generated according to ISO 20768:2018 (International Organization for Standardization ISO, 2018d) using a rotary or linear puffing machine. Cigarette and EC emissions were sampled and analyzed in five independent replicates.
Analytical methods. Determination of selected carbonyls in E-liquids, EC aerosols, and mainstream tobacco smoke using PFBHA derivatization and gas chromatography/mass spectrometry analysis. The Pads were extracted using an acetonitrile impinger solution. A portion was diluted with Type I water and derivatized with PFBHA, followed by extraction in toluene. The samples were analyzed using GC-MS.
Carbonyl yields. The results showed that carbonyl levels were significantly reduced compared with those in other studies on e-cigarettes and 1R6F cigarettes.
Device and aerosol generation. The purpose of this study was to analyze aerosol emissions from various disposable ECs and compare them with those from Juul devices (Talih et al., 2022). The vaping pattern was performed with the AUB Aerosol Lab Vaping Instrument consisting of 15 puffs for 4 s at a flow rate of 1 L/min.
Analytical methods. The aerosols were passed through a DNPH cartridge, washed with a 90/10 (v/v) ethanol/acetonitrile solution, and quantified using ultraviolet high-performance liquid chromatography (HPLC-UV). Gradient elution was performed using a C18 column. The solvents used were water/acetonitrile/THF (60/30/10, v/v/v), water/acetonitrile (20/30, v/v), and acetonitrile.
Carbonyl yields. Except for the SEA device, the single-use products generated significantly more toxicants than the Juul.
5 DISCUSSION
Low-molecular-weight carbonyl compounds such as acetaldehyde, acrolein, and formaldehyde are among the most toxic compounds in cigarette smoke. The main sources of these aldehydes are carbohydrates found naturally in tobacco or in the components of e-liquids that undergo thermal degradation, resulting in the emission of carbonyl compounds (Baker et al., 2005).
Consequently, the amount of these aldehydes in the emissions generated by various tobacco products needs to be examined and determined to best assess the potential toxicity of these compounds in EC aerosol. In the 14 studies considered in the present review the detected levels of the main aldehydes (formaldehyde, acetaldehyde and acrolein) cluster below 1 mg/puff. These are considerably lower values than the levels of same compounds found in the smoke of cigarettes used in laboratory tests (Counts et al., 2005): 7.5–12.5 mg/puff (formaldehyde), 50–150 mg/puff (acetaldehyde), 7.5–15 mg/puff (acrolein), where we assume 10 puffs per cigarette to obtain these values.
5.1 Derivatization methods
Several analytical methods for the derivatization of carbonyl compounds are described in this review. However, most studies, particularly 10 papers, reported the use of 2,4-DNPH for the formation of hydrazones, that is, adducts between carbonyl compounds and DNPH (Cox et al., 2016), as recommended by CRM 74 (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2019; International Organization for Standardization ISO, 2018a). The reaction of a carbonyl compound with DNPH is an addition-elimination reaction catalyzed by an acidic environment. The acid activates the carbonyl group via the formation of a carbocation. This is more easily attacked by a nucleophile consisting of the amine of DNPH through nucleophilic addition. A tetrahedral intermediate was then formed. The elimination of water then occurs, resulting in the formation of 2,4-dinitrophenyl hydrazone. The pH of the solution should be adequately controlled to prevent excessively acidic conditions that could lead to the condensation of carbonyl compounds and the consequent inability to quantify them. Furthermore, the optimal reaction time for carbonyl compounds with DNPH was estimated to be 30 min, which allowed the derivatization of all carbonyls in the solution and prevented the formation of polyderivative compounds. The reaction is usually quenched with a pyridine solution to basify the solution and prevent polyderivatization reactions. In particular, six studies reported the use of an acidic solution of DNPH in acetonitrile, and four used a DNPH cartridge or DNPH silica. Compared to impingers containing an acidic solution of DNPH in acetonitrile, DNPH cartridges exhibit limitations. The first can be saturation, which could occur during the same analysis and may also depend on the volume of aerosol passing through the cartridge. Condensates can be deposited on cartridges, which can impair their ability to retain carbonyls. Additionally, oxidants in the air may cause secondary reactions with DNPH and interfere with the study of carbonyls (Uchiyama et al., 2011). Furthermore, with unsaturated carbonyls (such as acrolein), the possibility of the formation of polymerization byproducts has been demonstrated, preventing the proper analytical identification of unsaturated carbonyl compounds (Van Leeuwen et al., 2004).
Two studies (Nicol et al., 2020; McGuigan et al., 2022) used the PFBHA derivatization technique. Derivatization with PFBHA is the second most widely used reaction following derivatization with DNPH (Szulejko and Kim, 2015). The reaction occurs through nucleophilic addition of PFBHA to the carbonyl, with the formation of an intermediate. Finally, following the removal of a water molecule, a derived oxime was formed (Bao et al., 2014). Conklin et al. used a derivatization reaction with a silicon microreactor coated with 4-(2-aminooxyethyl)-morpholin-4-ium chloride AMAH (Conklin et al., 2018). Rajapaksha et al. collected the aerosols in a Tedlar bag and analyzed them directly in a gas chromatograph coupled to a mass spectrometer and rtCRDS, without derivatizing them (Rajapaksha et al., 2021). The numerous derivatization methods employed pose a challenge in making direct comparisons between study values owing to the diverse parameters utilized.
5.2 Analytical methods
Although several analytical methods have been reported for the quantification of carbonyls, eight studies have used the HPLC-UV method. The HPLC-UV method is the most widely recognized method recommended by CORESTA, although the protocol recommended by CORESTA was not followed by all the authors. The CORESTA recommended methods for HPLC analysis are CRM 74 and CRM 96. CRM 74 outlines the procedures for quantifying all carbonyls in conventional cigarette smoke through derivatization with DNPH and subsequent HPLC-UV or HPLC-DAD analysis (International Organization for Standardization ISO, 2018a). On the other hand, CRM 96 describes procedures for quantifying formaldehyde and acetaldehyde in e-cigarette aerosols using the same methods of derivatization with DNPH and HPLC-UV or HPLC-DAD analysis (Cooperation Centre for Scientific Research Relative to Tobacco, 2024).
In the reviewed studies, chromatographic separation was performed using a reversed-phase C18 column as the stationary phase. Notably, reversed-phase columns retain less polar compounds than more polar compounds. The use of a C18 column increases selectivity because of its high surface coverage. In addition, gradient separation was performed in all the studies using liquid chromatography. This is because the analytes have different hydrophobicities, and gradient elution allows for rapid analysis. Moreover, all studies that used a UV spectrometer as a detector used a wavelength of 360 nm, which prevents the detection of extraneous peaks with higher absorbance at shorter wavelengths. Despite the widespread use of liquid chromatography coupled with ultraviolet spectrophotometry, there are some issues related to the fact that this methodology was developed for conventional cigarettes and then applied to ECs. Therefore, it would be more appropriate to apply CRM 96, although it outlines operational procedures for the analysis of formaldehyde and acetaldehyde only. Flavors contained in e-liquids have been shown to cause analytical interference in the HPLC-UV method. In addition, mass spectrometry coupled with liquid chromatography (LC-MS) is an analytical technique with better selectivity and sensitivity. This technique, applied to the study of aerosols from ENDS, allows a more accurate quantification of low-concentration carbonyls (mainly medium- and high-molecular-weight carbonyls) and more adequately quantifies these molecules (Flora et al., 2017; Zhu et al., 2020).
Finally, one technique that was not identified in the studies was Gas Chromatography coupled with two-dimensional separation (GCxGC) and various detection methods like Time-of-Flight Mass Spectrometry (TOFMS) and Flame Ionization Detection (FID). Despite its limited use in detecting carbonyls, this technique is considered valuable for identifying volatile organic compounds (VOCs) because of its enhanced selectivity.
In addition to capture and analysis techniques, the composition of e-liquids must also be well-characterized, as they can affect the emission of carbonyls (Qu et al., 2018). The PV/VG ratio and the presence of flavoring agents influence the production of carbonyls. In fact, all the studies examined in this review have well-characterized the characteristics of e-liquids before performing the analysis (Van Leeuwen et al., 2004; Uchiyama et al., 2011).
5.3 Blank analysis and sample storage
Only five of the 14 revised studies used blank samples (Table 2). The blank method involves the analysis of an analyte-free matrix processed using the same method as that used for the analysis. Blank analysis plays a key role in quantitative investigation because it excludes contamination from the results of the analysis. Among the studies reviewed, only six performed or presented a blank analysis of the air. The handling of blank samples is a critical component of chemical analysis. It is essential to closely monitor the results of blank samples during the analysis process to identify anomalies that may suggest issues with collection or analysis procedures. Furthermore, it is crucial to incorporate the results of blank samples into reports or publications to ensure transparency and enable others to comprehend the data more effectively. The results of the blank samples should be presented clearly and concisely alongside those of the other samples. It is important to verify whether the data are derived only from the sample and not from contamination outside the sample (Cantwell, 2019).
This represents a serious shortcoming in the accuracy, treatment, and interpretation of the analyzed data. Table 2 illustrates that the above-mentioned studies utilized a range of alternative methods to validate the analytical techniques in question. Generally, the limits of detection and quantification are determined by considering the signal in relation to the background noise. Other studies have employed varying numbers of analyses and have reported results in terms of standard deviation.
Furthermore, almost none of the reviewed studies reported how the samples, e-liquids and devices were stored before the analysis. To understand and reproduce these results, it is necessary to know how the devices were maintained, to rule out any form of instrument spoilage or deterioration, and whether the e-liquids of electronic cigarettes were maintained under appropriate temperature and light conditions to exclude the formation of internal secondary reactions. According to the guidelines outlined in the CRM Method 18, devices and aerosols are recommended to be stored at room temperature. This applies specifically to e-liquids, which should be kept in hermetic containers to prevent the accidental ingestion of water. These conditions are necessary when devices and aerosols are used within a short period of aerosol production. However, if these conditions are not applicable, both e-liquids and cartomizers should be stored at a temperature of at least −10 °C. Furthermore, Jităreanu et al. (2022) recently showed that the storage period of e-liquids, storage temperature, and type of cartomizer can strongly influence the concentrations of metals within the liquids (Jităreanu et al., 2022). In addition, for studies comparing the emissions of ECs with those of conventional cigarettes, it is necessary to determine whether the latter has been maintained at an optimal level of temperature and humidity. Similarly, the atmospheric conditions during the analysis are significant for ruling out any kind of analytical interference. Moreover, it is important to know the storage conditions of the collected aerosol samples if they are not analyzed immediately after collection.
5.4 Puffing regimes
The puffing regime in laboratory testing strongly influences the production of carbonyls from e-cigarette emissions. A puffing regime is characterized by four basic parameters: puff duration, puff volume, intervals between puffs, and the airflow rate. There is evidence that variation in even one of these parameters can change the quantity of carbonyls emitted (Bao et al., 2014; Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015). Laboratory emission studies are essential to evaluate quality control and compare EC devices, hence vaping machines require to puff the devices with a protocol of regimented puffs which should (ideally) be systematized within a recognized standard. So far, most emission studies rely on the ISO 20768:2018 CORESTA standard (Cooperation Centre for Scientific Research Relative to Tobacco CORESTA, 2015; International Organization for Standardization ISO, 2018b) (3 s puff, 30 s inter-puff, 55 mL puff volume, airflow 1.1 L/min), or minor variation of these parameters. Evidently, no regimented puffing will reproduce inhalation patterns of the widely varying patterns of consumer usage, but puffing protocols can provide a reasonable proxy of human exposure if they approximate as best as possible consumer puffing patterns for specific devices and vaping styles. In particular, the puffing parameters of the ISO 20768:2018 CORESTA standard were conceived to test low-powered devices, mostly manufactured by the tobacco industry; hence, they provide a reasonable proxy approximation to puffing patterns of generic low-powered devices (<20 W) used for the mouth-to-lung style (see Section 3). In the present review (see Sections 6 and 7), 24 of the 30 revised studies tested low-powered devices, mostly cartridge-based pods, using the CORESTA standard or minor variations, which are adequate for these devices.
The reviews by Soulet and Sussman, examined several studies in which emissions were generated by puffing various brands of high-powered sub-ohm devices with the CORESTA protocol (or close deviations of it). This combination of high supplied power and low airflow favors overheating conditions that might lead in extreme cases to a dry puff. However, these conditions do not apply to the studies examined in the present review and will not be discussed any further (for details on the problems found in high powered devices see (Soulet and Sussman, 2022b; Soulet and Sussman, 2022a)).
5.5 Evaluation of the studies
In Table 3, we display our evaluation of the reliability of the 14 revised studies in terms of fulfilment of the four criteria of experimental quality: reproducibility, adequacy of puffing regime and analytical methods, and usage of blank samples. We used a “traffic light” coloring of scores, with “Reliable” (green) for scores 3.0 and above, “Partially Reliable” (yellow) for scores between 2.0 and 3.0, and “Unreliable” (red) for scores below 2.0. We assigned a score of 1/2 to studies that partially complied with a given condition or studies that tested both low and high-powered devices, with the latter ones with inappropriate airflow.
Table 3 shows seven studies that are “Reliable”, 5 “Partially Reliable” and 2 “Unreliable”. It is interesting to see cross references between the different quality conditions. Surprisingly, only one of the 7 Reliable studies used blank samples (only three studies used blank samples). Six studies failed the reproducibility criterion. As described in the reviews of Section 4, practically all studies used reasonable values of puff duration (around 3s) and inter-puff intervals (30s and 60s).
6 CONCLUSION
Since the introduction of ECs into global markets as safer substitutes for tobacco cigarettes, hundreds of studies have been undertaken to examine the chemical contents of their aerosol emissions as an essential part of the process to fully understand and evaluate their toxicity and risk profile, a process whose outcomes are crucial to inform and guide all stakeholders (consumers, health professionals, regulators, and industries).
Emission studies are the ground-level stage in the evaluation of the risk profile of ECs, followed by preclinical and clinical studies. Reviews of these studies fulfil the important task of collecting and revising the “state of the art” research in each topic, but to be useful they must go beyond merely citing the studies and listing their outcomes; they must also provide detailed and critical assessments of the involved methodology and the consistency of experimental outcomes. With this purpose in mind and considering that carbonyls (especially aldehydes) are the most frequent and abundant toxic byproducts found in EC emissions, we have presented in this review a detailed and critical examination of the experimental procedures, analytical methods, and outcomes of 14 recently published emission studies focusing on carbonyls (the studies are summarized in Tables 1 and 2). Our review complements two of our own recently published reviews of emission studies targeting toxic byproducts (metals (Soulet and Sussman, 2022a) or organic byproducts (Soulet and Sussman, 2022b)) published after 2018 (we omitted studies published before 2018, as they tested devices that are currently obsolete or of marginal use).
To evaluate the reliability of the studies in our review we examined compliance with (what we regard) as the minimal requirement of experimental quality stated in Section 2, namely, authors must provide: 1) sufficient information on the devices and on all experimental procedures to be reproducible, 2) use of appropriate puffing parameters to generate aerosols, 3) use appropriate analytic methods and 4) use blank samples. From the detailed reviews in Section 4 we defined a gradation system in terms of a “traffic light” point classification given in terms of their degree of compliance with the four quality conditions. The details of this evaluation are displayed in Table 3, showing that seven studies were Reliable, 5 Partially Reliable and 2 Unreliable. Most studies used appropriate analytical methods (although some failed to provide sufficient information on various issues), and most obtained aldehyde yields that are negligible or well below yields in cigarette smoke. However, the studies exhibited the following experimental flaws:
• Although only five of the 14 studies used blank samples, alternative validation methods have been employed.
• six studies failed the replicability condition by not disclosing sufficient information on the devices and experimental procedures.
The issues listed above are serious methodological flaws that occur also in many emission studies (see (Soulet and Sussman, 2022a; Soulet and Sussman, 2022b)). Evidently, these flaws need to be corrected to improve the quality of emission testing, which suggests the need to update and improve the standards of laboratory emissions testing. Testing standards (as well as the peer review process evaluating emission studies) must incorporate and demand the usage of blank samples and that authors supply all relevant information for potentially reproducing or replicating the experiments. In addition, testing standards must overcome the rigidity of considering only the CORESTA airflows (or minor variations) for testing all devices, including high-powered ones used for Direct to Lung style (see criticism on this point in (Soulet and Sussman, 2022a; Soulet and Sussman, 2022b)). As we have suggested in previous reviews, it is also important to incorporate EC users within the experimental logistics, since after all the devices are aimed for consumers. Unfortunately, many emission studies simply ignore the peculiarities of consumer patterns.
Updating and improving testing standards to incorporate basic conditions of experimental quality is necessary to achieve a more objective evaluation of the risk profile of ECs, which will provide valuable information to all stakeholders (consumers, health professionals, regulators, and the industries themselves). We will continue to review emission studies, and in future research we will conduct our own laboratory studies based on the quality conditions we have indicated in our literature review.
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Objective: The aim of the present study was to carry out a systematic research on bitterness quantification to provide a reference for scholars and pharmaceutical developers to carry out drug taste masking research. Significance: The bitterness of medications poses a significant concern for clinicians and patients. Scientifically measuring the intensity of drug bitterness is pivotal for enhancing drug palatability and broadening their clinical utility.Methods: The current study was carried out by conducting a systematic literature review that identified relevant papers from indexed databases. Numerous studies and research are cited and quoted in this article to summarize the features, strengths, and applicability of quantitative bitterness assessment methods.Results: In our research, we systematically outlined the classification and key advancements in quantitative research methods for assessing drug bitterness, including in vivo quantification techniques such as traditional human taste panel methods, as well as in vitro quantification methods such as electronic tongue analysis. It focused on the quantitative methods and difficulties of bitterness of natural drugs with complex system characteristics and their difficulties in quantification, and proposes possible future research directions.Conclusion: The quantitative methods of bitterness were summarized, which laid an important foundation for the construction of a comprehensive bitterness quantification standard system and the formulation of accurate, efficient and rich taste masking strategies.Keywords: bitterness, quantitative method, traditional human taste panel method, active pharmaceuticals ingredients, traditional Chinese medicine
1 INTRODUCTION
As widely recognized, the axiom “good medicine tastes bitter” epitomizes a fundamental attribute of pharmaceuticals, with many drugs exhibiting a bitter taste (Bahia et al., 2018). Our investigation revealed that bitter herbs or decoction pieces constituted 49.0% of the 2020 edition of the “Chinese Pharmacopoeia" (Lin et al., 2016), while 66% of compounds cataloged in the Drug Bank library were projected to possess a bitter taste (Dagan-Wiener et al., 2017). The Bitter DB database archives over 1,000 bitter molecules. Humans and animals exhibit heightened sensitivity to bitterness perception, capable of discerning bitterness even at lower concentrations (Aliani and Eskin, 2017). The intrinsic aversion to bitterness among humans significantly impacts patient medication adherence (Beauchamp, 2016; Boesveldt and de Graaf, 2017), thereby influencing clinical efficacy (Amin et al., 2018; Zheng et al., 2018). The prevalent distaste for medications is frequently cited as a primary reason for patient non-compliance, particularly among children (Clapham et al., 2023). Surveys indicate that over 90% of pediatricians identify drug taste and palatability as major barriers to completing clinical treatments (Milne and Bruss, 2008). In a survey involving nearly 700 European children, 63.7% of respondents attributed difficulty in medication intake to dislike for the drug’s taste (Nordenmalm et al., 2019). Peter Drucker, often regarded as the father of modern management, emphasized the necessity of objective and accurate quantitative evaluation of drug bitterness as a crucial prerequisite for understanding its taste patterns and enhancing palatability.
Bitterness primarily arises from the activation of TAS2R (also referred to as bitter receptors). Upon binding of the bitter compound to the receptor, located prominently on taste receptor cells (TRCs), a signal transduction cascade ensues. This activation prompts TAS2R to catalyze the dissociation and liberation of Gβ3/Gγ13 subunits from the Gβ3/Gγ13 heterotrimeric receptor, thereby activating phospholipase C (PLCβ2). Subsequently, PLCβ2 catalyzes the breakdown of phospholipid PIP2, yielding inositol-1,4,5-phosphate (IP3). IP3, in turn, binds to IP3 receptors on the endoplasmic reticulum, eliciting the release of intracellularly stored calcium ions (Ca2+). The elevated intracellular Ca2+ concentration ([Ca2+]i) prompts the opening of membrane-associated TRPM5 channels, facilitating the influx of sodium ions (Na+). This ion exchange initiates receptor cell membrane depolarization, triggering the release of adenosine triphosphate (ATP) through calcium homeostasis regulator one and 3 (CALHM1 and CALHM3) channels. Ultimately, the liberated ATP activates purinergic receptors on afferent nerve fibers, converting the chemical signals of bitter compounds into electrical signals, which are relayed to the taste nucleus of the brainstem. Subsequently, these signals are transmitted to the thalamus and eventually to the taste cortex of the cerebral cortex, culminating in the perception of bitterness (Finger et al., 2005; Roper, 2007; Ma et al., 2018), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Activation mechanism of human TAS2R and signal transduction pathway of bitterness stimulation.
According to the law of taste and bitter perception, the factors affecting drug bitterness are affected by the difference of genes and receptors. Single nucleotide polymorphisms (SNPs) in genes encoding bitter taste receptors (TAS2R) leading to varied responses to bitter stimuli. Consequently, individuals with one gene form may perceive strong bitterness, while those with another gene form may not perceive bitterness at all (Hayes et al., 2011; Mennella et al., 2011; Roudnitzky et al., 2011; Roudnitzky et al., 2015; Nolden and Feeney, 2020). The heterologous functional expression experiments have revealed that 25 TAS2Rs exhibit varying degrees of regulation characteristics as bitter taste receptors (Meyerhof et al., 2010). The ability of bitter compounds to stimulate TAS2Rs varies. Compared to the activation of a single receptor, simultaneous activation of multiple receptors by a compound can elicit a larger cellular or neural response, thereby increasing bitterness. Additionally, the factors that affect the bitterness also include the following: (1) Chemical structure. According to the three-point contact theory of bitterness formation, bitter molecules can be categorized into two groups (Hans-Dieter et al., 1985; Meyerhof, 2005): one consisting of hydrophobic lipophilic compounds with limited water solubility, such as olefins and terpenoids; the other comprising highly polar compounds capable of forming robust hydrophobic interactions, exemplified by alkaloids (Zeng, 1990). (2) Substance concentration. Within a specific concentration range of the same drug, bitterness demonstrates a positive correlation with concentration. Studies have shown that a logarithmic relationship between human sensory intensity and stimulus physical quantity under moderate intensity stimula56tion conditions (S = KlgR) (Omür-Ozbek and Dietrich, 2008; Li et al., 2016). (3) Interaction between substances. The bitterness between substances can be affected by electrostatic interaction (Schalk et al., 2018), hydrophobic interaction (Ogi et al., 2015), covalent bonding (Bohin et al., 2013), and inclusion interaction (Shah and Mashru, 2008). (4) pH. It is established that certain acidic peptides can mitigate bitterness (Sakurai et al., 2009). Bitterness inhibition of sesquiterpene lactone can be achieved by pH control (Yanagisawa and Misaka, 2021). (5) Solution viscosity. Studies have found that an increase in the viscosity of the resulting aqueous solvent leads to a reduction in taste intensity. Additionally, studies have indicated that emulsions demonstrate bitterness inhibition effects on KCl and/or caffeine compared to aqueous solutions (Torrico et al., 2015).
In the realm of food taste assessment, extensive studies have focused on quantitatively evaluating taste attributes. For instance, the bitterness of beer is commonly assessed based on the concentration of isomerized α-acids, the primary source of beer bitterness. Methods such as European Bitterness Units (EBU) (Polshin et al., 2010; Rudnitskaya et al., 2010), International Bitterness Units (IBU) (Howard, 1968; Donley and Anheuser, 1992; Christensen et al., 2005), E.B.C. Bitterness Units (Bishop, 2013), and Bitterness Units (BU) (Tomlinson et al., 2013) are utilized for this purpose. Caffeine, containing numerous bitter compounds, undergoes bitterness intensity evaluation using Sensory Lexicon (Shibamoto et al., 1981; Ginz and Engelhardt, 2000; Aree, 2019). These established quantification methods in the field of food taste can serve as valuable references for assessing drug bitterness. While the bitterness of chemical drugs can be accurately measured based on the content of bitter compounds due to their clear and singular composition, natural drugs encompass a multitude of bitter substances, intricate substance interactions, and a diverse array of taste components. These complexities confer inherent bitterness to natural drugs, emphasizing the importance of elucidating the mechanisms underlying their bitter taste and exploring tailored quantification methodologies.
As research into drug palatability continues to evolve, investigators have undertaken studies on the measurement and quantitative assessment of drug bitterness (Gaudette and Pickering, 2013). These studies primarily encompass in vivo and in vitro methods. In vivo evaluation methods include the traditional human taste panel method (THTPM) (Miyanaga et al., 2003; Rudnitskaya et al., 2013), taste strips test method (Liu et al., 2020), animal behavior tests (Lemon et al., 2019), and facial expression analysis (Lemon et al., 2019), with THTPM recognized as the gold standard for taste assessment (Gunaratne et al., 2019). In vitro bitterness detection methods mainly consist of electronic tongue methods (ETM) (Hui et al., 2014; Immohr et al., 2017), and cell-based evaluations (Qingjun and Ping, 2009), among others. Following an understanding of drug bitterness, researchers have employed taste-masking techniques utilizing flavoring agents, bitterness inhibitors, cyclodextrins, and nanoemulsions (Hu et al., 2023). These methods have contributed positively to advancing the objective measurement and precise control of bitterness, thereby enhancing clinical drug compliance. Nonetheless, despite these advancements, there remains a lack of systematic summarization of research methods for bitterness quantification, as each method possesses unique characteristics and applications. This article seeks to analyze the research progress in drug bitterness quantification, delineate the primary factors influencing drug bitterness, and compile the methodologies for bitterness quantification. The aim is to foster a systematic comprehension of the principles, methodologies, and attributes of bitterness quantification, thereby offering insights for research endeavors in areas such as drug bitterness intensity evaluation, taste masking, and related fields.
2 QUANTITATIVE METHODS FOR BITTERNESS
In light of the various factors influencing drug bitterness as outlined above, researchers are continuously innovating quantitative methods for assessing drug bitterness. Broadly, these methods can be categorized into two types: one involves quantifying the bitterness of drugs by measuring bitter molecules, while the other quantifies drug bitterness based on the intensity of taste stimulation. The results of both methods are elaborated upon below.
2.1 THTPM
THTPM is a method used to assess the taste of drugs or food, relying on specific technical specifications and processes and utilizing the taste sense of the evaluation group (Medicine, 2024). This method falls under the category of quantifying bitterness based on the intensity of human taste stimulus. The main methods were illustrated in Figure 2. Currently, a range of internationally recognized standards for quantitative sensory evaluation have been established (Clapham et al., 2023), paving the way for researchers to conduct various explorations into quantitative bitterness assessment.
[image: Figure 2]FIGURE 2 | Quantitative research method of bitterness based on the THTPM. (A) Schematic representation of the quantitative description analysis (QDA). Based on Huan-Huan Li, 2019 (Li et al., 2019). (B) Schematic representation of the general labeled magnitude Scale (gLMS) (Deng et al., 2022) (C) Schematic representation of Rank bitterness intensity (RB) and standard apparent bitterness (SAB). Representative images were our own work (Li et al., 2023). (D) Schematic representation of Ratio of bitterness (ROB). Representative images were our own work (Gao et al., 2022). (E) chematic representation of Molecular bitterness (MB) and equivalent molecular bitterness (EMB). Representative images were our own work (Wang et al., 2022).
2.1.1 Quantitative description analysis (QDA)
QDA is a method used to characterize the sensory properties and intensity of drugs. Within QDA, standard reference materials provide the bitterness value against which samples are compared for evaluation. For instance, when assessing the bitterness of Huanglian Jiedu Decoction (HLJDD), scholars provide a reference standard of 0.2 g/mL HLJDD with a bitterness value of 10. Evaluators use this reference standard to assess the bitterness of HLJDD after masking with [mPEG2000-PLLA2000, γ-CD, and neotame], revealing a reduction in HLJDD bitterness (Ke et al., 2022).
However, the methods mentioned above lack the ability to provide information on the temporal aspects of bitterness perception. Bitterness exhibits unique temporal characteristics, taking more time to reach peak intensity in the mouth and longer to return to baseline (Guinard et al., 2010). Additionally, with repeated intake, the perceived intensity of bitterness tends to increase (Guinard et al., 1986). The presence of polyphenols (in red wine) and isohumulone (in beer) may amplify the bitterness of these beverages during consumption (Guinard et al., 1994; Noble, 1994). Hence, some scholars employ the time-intensity method to dynamically assess bitterness throughout the entire perception period. In a study evaluating the bitterness of berberine hydrochloride orally disintegrating tablets, researchers instructed subjects to record bitterness intensity levels at various intervals (30 s, 1 min, 2 min, 5 min, 10 min) within a span of 10 min. Bitterness intensity was rated on a scale from 0 to 3. The findings indicated that when the ratio of the drug to the pH-dependent polymer Eudragit E100 increased from 1:0 to 1:0.8, the bitterness of the drug microcapsules significantly decreased, reaching zero bitterness by the second minute (Hu et al., 2013).
Quantitative descriptive analysis also encompasses the evaluation of bitterness across different taste categories. Some researchers (Sook Chung and Lee, 2012) categorized bitterness into distinct types such as alcohol bitterness, coffee bitterness, grapefruit pith bitterness, medicinal bitterness, and cocoa bitterness. Each type of bitterness corresponds to unique definitions and references, posing higher demands on the evaluator’s assessment skills.
2.1.2 General labeled magnitude scale (gLMS)
The gLMS is a psychophysical scale used for sensory testing to evaluate the taste and aftertaste of various stimuli. It comprises a 150 mm line spanning from the bottom to the top of the vertical axis. The scale includes descriptors such as “almost undetectable” (2.1 mm; 1.4 units), “weak” (9 mm; 6 units), “medium” (25.5 mm; 17 units), “strong” (52.05 mm; 34.7 units), “very strong” (78.75 mm; 52.5 units), and “the most imaginable sensation” (150 mm; 100 units). The scale presents adjectives to evaluators without numerical values. Experimenters place the adjectives on the scale in a semi-logarithmic manner based on determined intervals to generate data equivalent to magnitude estimation (Green et al., 1993; Green et al., 1996). Subsequently, numerical data are calculated based on the scale. Using the gLMS method, the intensity of different bitter substances can be directly compared. For instance, Deng (Deng et al., 2022) employed the gLMS to conduct sensory tests on adults, comparing the bitterness intensity of prednisolone solution with that of quinine. The results indicated that the bitterness level of prednisolone saturated solution (average gLMS score: 46.8) was similar to that of a 1 mM quinine solution (average gLMS score: 40.1). However, substantial individual differences may exist in gLMS assessment. For example, researchers measured the minimum and maximum values of 1 mM quinine as 8.7 and 90.0, respectively (Deng et al., 2022). Furthermore, variations in sensory test data among different researchers also occur. While one study (Deng et al., 2022) reported the average gLMS score of 1 mM quinine as 40.1, another study (Cruickshanks et al., 2009) documented a gLMS score of 50 at the same concentration. Hence, stringent and standardized conditions are necessary for bitterness evaluation using this method.
2.1.3 Rank bitterness intensity (RB) and standard apparent bitterness (SAB)
In bitterness evaluation, descriptions like “unbearable bitterness,” “a little bitterness,” and “almost no bitterness” often arise, necessitating a method for grading bitterness. In a study on chlorphenamine maleate bitterness, researchers categorized bitterness into five levels: (A) 5: very strong bitterness, (B) 4: strong bitterness, (C) 3: medium bitterness, (D) 2: slightly bitter, and (E) 1: tasteless. Using the uncomplexed pure drug as a control with an average bitterness value of 5, subjects were instructed to compare the bitterness of different drug resin complexes (DRC) with the control and express the perceived bitterness level. The findings revealed that Indion-234, Tulsion-343, and Tulsion-344 effectively masked the bitterness of chlorphenamine maleate, with the bitterness of the drug in DRC decreasing as the ratio of drug to resin increased (Yewale et al., 2013).
Inspired by this approach, some scholars introduced the concept of “RB” (Wang et al., 2021), using berberine (BBR) as a reference. After volunteers pre-tested multiple concentrations, different concentrations of BBR corresponding to each bitterness level were determined (Table 1). The practical application of graded bitterness involves evaluating unknown bitterness samples by referencing the bitterness level and value range of the reference sample group. Once graded, the specific bitterness value is assigned according to the corresponding bitterness range of each grade. Bitterness determined for the reference material in the solution state is termed “Standard Reference Bitterness (SRB)" (Liu et al., 2019; Zhang et al., 2021). Bitterness of other drugs established based on SRB as a reference in the solution state is referred to as “Standard Apparent Bitterness (SAB)", and the level of standard apparent bitterness is known as “Standard Apparent Rank Bitterness (SARB)". Employing these methods enables us to comprehend the bitterness levels and bitterness profiles of different bitter substances.
TABLE 1 | Bitterness ranking and concentration of corresponding reference samples.
[image: Table 1]Shi et al. (2013) utilized a berberine hydrochloride aqueous solution as the reference solution and applied the THTPM method to assess the bitterness grade of six notable bitter Chinese herbal decoction pieces, including Cortex Phellodendri, Radix Gentianae, Herba Andrographis, Radix Ginseng, and Nelumbinis Plumulae. They investigated the taste-masking effect of β-CD at various mass fractions. Results indicated that the taste-masking effect improved with increasing β-CD concentration. With the exception of Cortex Phellodendri, the bitterness of the liquid after adding 3% β-CD was within a low range (0.65 ± 0.05), all falling into the almost no bitterness grade. This suggested that β-CD could effectively mask the bitter taste of traditional Chinese medicine. (Li et al., 2011). employed the THTPM method to assess the water decoction of 35 different single Chinese medicine decoction pieces with varying bitterness, using berberine hydrochloride as a reference. They preliminarily obtained the bitterness value and distribution characteristics of the water decoction of Chinese medicine decoction pieces, providing a crucial foundation for subsequent taste-masking research (Liu et al., 2012; Liu et al., 2013). conducted research on matrine at different concentrations, with 20 evaluators assessing its bitterness level and specific standard apparent bitterness value. They evaluated sample bitterness using three methods: the order evaluation method (OEM ranking method), score evaluation method (SEM), and integrated score evaluation method (ISEM). Ultimately, the three methods were comprehensively analyzed based on sorting accuracy, judgment sensitivity, assignment precision, and fitting degree, with the ISEM taste evaluation method proving to be the most effective. In order to further explore the bitterness superposition rules of different bitter substances (Zhang et al., 2021), selected nine types of Chinese medicinal slices as research carriers. On the basis of establishing a predictive model between the quality concentration of the monomer slice carrier and the bitterness tasted by mouth, they explored the relationship between the bitterness tasted by mouth when measuring the superposition of binary and ternary systems and the bitterness and quality concentration of the monomer slice. The research found that the quality concentration of the monomer slice can be well fitted to the predictive equation of the bitterness of the superimposed slices, and the contribution rate of Huanglian to the superimposed bitterness is often greater than that of the other components, fully confirming a Chinese saying, “A mute eats Huanglian, and the bitterness is unspeakable."
The bitterness determination method based on RB and SAB offers a direct approach to determining the bitterness of various substances, including monomeric compounds, decoction pieces, and compound decoctions. However, the measurement process may be influenced by the intrinsic structure, concentration, and temperature of the molecule. Therefore, controlling appropriate external conditions during the measurement process is essential.
2.1.4 Ratio of bitterness (ROB)
In the sweetness evaluation method, there exists a calculation method known as “the relative sweetness value (RS)”, utilized for comparing different sweeteners. Researchers established the sweetness (Sr) of a 5% sucrose solution (Cr) as one and determined the mass concentration of other sweet substances equivalent to their sweetness. The RS of the sweet compound was then calculated using the formula RSs = Cr/Cs × Sr (Park et al., 2017). Building upon this concept, researchers proposed a method for determining the “Ratio of Bitterness (ROB)” of bitter substances (Li et al., 2023). Specifically, they determined the specific bitterness (ROBr) of a BBR solution with a mass concentration of 0.05 mg/mL (Cr) as one and obtained the mass concentration of other bitter substances equivalent to their bitterness. The ROB of the bitter compound was then calculated using the formula “ROBs = Cr/Cs × ROBr”. Due to the significant variance in their values, their natural logarithm is termed the ROB-index (ROBI). Serving as an absolute quantitative index, ROB reflects a fundamental attribute of bitter substances, facilitating a straightforward comparison of bitterness among different bitter substances. Following these principles, researchers successfully determined the ROB of six bitter drug monomers, offering a new bitterness scale for comparing bitterness across various bitter drug monomers and enhancing the scope of research on drug bitterness comparison scales (Li et al., 2023).
2.1.5 Molecular bitterness (MB) and equivalent molecular bitterness (EMB)
Many drugs exhibit a bitter taste despite having different chemical structures. The emergence of bitterness is linked to factors such as the shape, size, and properties of functional groups within the molecule, as well as their positions. Eitan Margulis et al (Margulis et al., 2021) successfully constructed a machine learning tool, termed “BitterIntense,” based on the chemical structural features of molecules. By calculating molecular descriptors, the tool classifies them into categories of “very bitter” or “not very bitter” with an accuracy rate of over 80%. This is significant for the early stages of drug development, as it allows for the rapid identification of compounds with intense bitterness. However, this method is a simple binary classification of bitterness intensity. How to establish a more precise bitterness intensity prediction algorithm based on molecular structural features remains a question that scholars are currently exploring. Liu et al., 2012 addressed the influence of concentration on the bitterness of bitter substances and introduced the concept of “molecular bitterness,” which pertains solely to the properties of drug molecules. The bitterness threshold concentration (BTC) of both the standard bitterness substance and the compound under examination was determined using the “minimum limit method,” representing the lowest concentration at which bitterness is detected by half of the volunteers. The Molecular Bitterness (MB) under the standard bitterness substance BTC was set as 1 (typically using berberine hydrochloride as the reference bitter substance, with an MB of one under BTC). Calculating the MB of the test compounds involved the formula “MBs = Cr/Cs × MBr” (where Cr signifies the BTC of the standard bitter molecule; MBr denotes the MB of standard bitter molecules; Cs represents the BTC of unknown bitter molecules; MBs represents the MB of unknown bitter molecules (Heath et al., 2006; Bora et al., 2008; Li Xuelin et al., 2013; Jelvehgari et al., 2014; Gao et al., 2022)). Given the substantial variance in BTC among different bitter molecules, MB values differ significantly across substances. Therefore, the introduction of the “molecular bitterness index” (MB-Index, MBI) involves taking the natural logarithm of MB to normalize the magnitude difference, facilitating a more straightforward comparison of bitterness across different substances. Using this method, (Gao et al., 2022) calculated the MB of 19 bitter monomer components such as quinine (alkaloids), naringin (glycosides), andrographolide (terpenes), and L-arginine (peptides) to be 0.8398, 0.0551, 0.0058, and 0.0002, respectively. The corresponding MBI values were −0.1746, −2.8982, −5.1447, and −8.3669, respectively, effectively illustrating the bitterness characteristics of various bitter components in a simple and intuitive manner.
The introduction and application of the MB concept addressed the comparison of bitterness between compounds. However, for natural medicine decoction pieces, and even compounds composed of multiple natural medicine decoction pieces, the evaluation extends beyond a single compound to encompass the combination of various bitter compounds. The change in bitterness value within such complex systems after combination is intricate. With numerous types of natural medicines, there’s an urgent need to establish an objective and appropriate bitterness evaluation method. Taking bitter natural medicines as an example, the current 2020 edition of the “Chinese Pharmacopoeia” includes a total of 2,711 natural medicines. Among them, 133 natural medicines exhibit a single bitter taste, comprising one very bitter, 14 extremely bitter, 47 bitter, one slightly bitter, and 70 slightly bitter (Supplementary Table S1). Additionally, 180 natural medicines possess not only a bitter taste but also other flavors (Supplementary Table S2). There are also nuanced differences in the taste descriptions of various natural medicines; for instance, Gentiana is described as “very bitter,” Sophorae Tonkinensis as “extremely bitter,” Bletilla as “bitter,” Eucommia as “slightly bitter,” and Lily bulb as “a little bitter” However, the distinction in bitterness between each description remains unknown. Furthermore, natural drugs described as ‘extremely bitter,’ such as Sophora flavescens and Aloe vera, pose the question: is their bitterness identical? Drawing from the MB calculation principle and bitterness measurement, Liu et al. (Gao et al., 2022) introduced the concept of “Equivalent Molecular Bitterness (EMB)” for complex systems. This involves determining the BTC of standard bitter substances and unknown complex systems using the “minimum limit method.” The MBr under the standard bitter substance BTC is defined as 1 (typically using berberine hydrochloride as the reference bitter substance, with an MBr of one under BTC). Subsequently, the EMB calculation formula for other bitter Chinese herbal decoction pieces is “EMBs = Cr/Cs × MBr,” where Cr represents the BTC of berberine hydrochloride, and Cs denotes the BTC of unknown Chinese herbal pieces. The natural logarithm of this ratio is termed the EMB-index (EMBI) (Wang et al., 2022). measured the EMB and EMBI of 23 kinds of bitter Chinese herbal pieces using the aforementioned methods and established a quantitative method for determining the bitterness of bitter Chinese herbal pieces. This comparative analysis of the bitterness characteristics of different types of Chinese herbal pieces offers valuable insights, laying a robust foundation for the accurate masking of natural drugs within complex systems.
The comprehensive review reveals that researchers approach quantitative analysis of bitterness from diverse perspectives and levels using THTPM as a foundation. Each method presents distinct advantages, limitations, and applicability (Table 2). When embarking on quantitative investigations into bitterness, it is crucial to select appropriate methodologies tailored to the study’s objectives and the nature of the research subject.
TABLE 2 | Analysis of the characteristics of various evaluation indexes of bitterness based on THTPM measurements.
[image: Table 2]2.2 ETM
Sensory group evaluation poses significant challenges due to medical ethics considerations, associated health risks, and the substantial costs of personnel training. Moreover, the inherent subjectivity among individuals can lead to fatigue, slow evaluation speeds, and a limited sample size. Throughout the evaluation process, there is a risk of sample perception migration and perception saturation, thereby imposing constraints on the assessment of taste within the general population (Legin et al., 2004). The Gustation Analytical Fingerprint Technique (GFAT) represents a recent development in taste recognition and detection technology, relying on taste sensors and chemical information processing methods. These taste sensors function as intelligent recognition electronic systems, emulating the human taste mechanism to generate signals (optical, electrochemical, electrophysiological). They possess the capability to discern subtle differences in basic tastes, such as lingering or transient tastes. Notably, GFAT offers advantages such as rapid analysis, low cost, minimal sample preparation, and automation of analysis (Rudnitskaya et al., 2010; Podrażka et al., 2017). Scholars have conducted a systematic evaluation of the application of ETM and sensory groups in taste assessments of pediatric drugs. The findings reveal that sensory tests for children are infrequent (10.3%), with ETM predominating in pediatric drug taste evaluations (57.5%), highlighting the efficacy of ETM (Guedes et al., 2021). Over the past few decades, leveraging electronic tongue technology, researchers have successfully employed methods such as the conversion of electronic tongue taste information value (Zeng et al., 2015; Li et al., 2016), bitter distance calculation, and the establishment of relationships between electronic tongue information and human sensory evaluation (Ito et al., 1998; Uchida et al., 2001). These advancements have facilitated the quantitative analysis and prediction of various drug tastes, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Quantitative research method of bitterness based on the ETM. Representative images were our own work (Rui-xin et al., 2013; Li et al., 2016; Gao et al., 2022).
2.2.1 Electronic tongue converts taste information value
Using the TS-5000Z multi-channel taste sensor as an illustration, it employs an artificial lipid membrane sensor technology akin to the functioning principle of human tongue taste cells. This sensor has the capability to objectively and digitally detect five basic tastes as well as flavor attributes such as “sharpness” and “richness.” In the TS-5000Z taste analysis system, Relative value (R) and Change of Membrane Potential caused by Adsorption (CPA) are commonly utilized (Li et al., 2020). To initiate taste analysis, the taste sensor is immersed in a reference solution comprising a mixture of KCl and tartaric acid at a predetermined concentration, yielding the corresponding membrane potential, denoted as Vr. This reference solution is essentially tasteless. Subsequently, the sensor is submerged in the sample solution to determine the potential difference value of the solution potential (Vs.), which is then subtracted from Vr, termed as the first taste (R). Following a gentle cleanse of the taste sensor with the reference solution, it is re-immersed to detect the potential Vr’. The disparity between Vr’ and Vr is referred to as aftertaste (CPA), indicating the potential change induced by chemical adsorption.
The first taste and aftertaste can be calculated by Equations 1, 2:
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Based on the initial taste and aftertaste values, a specific mathematical conversion is performed to derive the electronic tongue conversion taste information value (I.e.,), serving as a metric for quantitative bitterness evaluation (Zeng et al., 2015). employed the electronic tongue technology-based taste analysis method to quantify the characteristics of Scutellaria baicalensis from various sources. By establishing a positive correlation between the bitterness, astringency, bitter aftertaste, astringency aftertaste, sour taste information of Scutellaria baicalensis, and the baicalin content, it was possible to infer the baicalin content in Scutellaria baicalensis. In a similar vein (Jing et al., 2022), utilized electronic tongue technology to quantify the taste of 20 batches of Magnolia officinalis, assessing the taste of six monomer compounds. Pearson correlation analysis was employed to ascertain the correlation between eight chemical components and the taste sensor response value. The investigation revealed a significant positive correlation between honokiol, magnolol, and spicy menthol magnolol in Magnolia officinalis, and the bitter taste and bitter aftertaste detected by the electronic tongue.
2.2.2 Distance of bitterness
2.2.2.1 Distance of bitterness in multidimensional space
Using the French ASTREE electronic tongue method as a case study, the quantification of bitterness index relies on data gathered from seven sensors within the electronic tongue apparatus. Through meticulous data processing, a numerical value is derived, providing a quantitative or semi-quantitative representation of the drug’s bitterness. This value is termed the Bitterness Distance (D). Utilizing chemometric techniques such as PCA, the spatial disparity between the sample under examination and a reference solution is computed. This approach mirrors principles found in cluster analysis and other methodologies, where the distance between samples is evaluated within a multidimensional space comprising various variables.
Distance serves as a metric to gauge the spatial separation between two entities. Common distance metrics encompass Euclidean distance, Mahalanobis distance, Ming’s distance, among others. The Euclidean distance (EUCLID), or Euclidean metric, stands out as a prevalent distance measure, delineating the true geometric distance between two points within an m-dimensional space. Its applicability is underscored by its capacity to be expressed in a unified recursive formula, making it the most frequently utilized distance metric.
The Euclid and Standardized Euclid can be calculated by Equations 3, 4:
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Where k represents the number of variables each sample possesses, with xi indicating the value of the first sample on the i-th variable, and yi representing the value of the second sample on the same variable. In the context of bitter samples, the Euclidean distance between samples exhibiting varying degrees of bitterness serves as a measure of the disparity in bitterness levels.
For instance, consider the compound BBR, which was formulated into samples of varying concentrations. Each sample, along with purified water, underwent analysis using an electronic tongue. The resulting dataset facilitated the direct calculation of its Euclidean distance, effectively quantifying the multidimensional space between them. Notably, a larger Euclidean distance between the sample and purified water signifies a higher bitterness level in the sample, and conversely, a smaller distance indicates lower bitterness.
2.2.2.2 Distance of bitterness in reduced-dimensional space
The data collected by the electronic tongue underwent reduction via Principal Component Analysis (PCA) and similar techniques. Subsequently, based on these findings, the distance between each sample and the reference solution within the principal component space (whether in two-dimensional, three-dimensional, or other dimensions) was computed to determine the relative bitterness of each sample.
In a two-dimensional or three-dimensional space, the Euclidean distance serves as the measure of separation between two points, delineating the extent of spatial disparity, as shown in Equations 5, 6:
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When employing PCA for dimensionality reduction analysis, we can compare the bitterness differences among samples by assessing the distance from each sample to the reference solution in both two-dimensional and three-dimensional spaces. Nakamura et al. conducted a study to assess the taste of orally disintegrating tablets (ODT) containing famotidine and amlodipine besylate using the Astree electronic tongue and THTPM. The palatability of the tablets was further evaluated using a 100 mm VAS scale. The findings indicated that both physical masking and organoleptic masking could enhance the palatability of famotidine and amlodipine. In the electronic tongue analysis, the Euclidean distance of samples subjected to physical masking, organoleptic masking alone, and in combination, was found to be smaller compared to unmasked drugs (Nakamura et al., 2015). Liu et al. investigated bitter drug carriers employing BBR and Andrographis paniculata decoction, screening taste masking agents by assessing bitterness reduction values in reduced-dimensional or multi-dimensional space (Liu et al., 2013; Rui-xin et al., 2013). Li et al. (2011) assessed the masking effect of various agents on berberine hydrochloride using bitterness distance, D, and bitterness reduction distance, ΔD (Li et al., 2013).
While the results derived from PCA analysis slightly underperform compared to multi-dimensional space distance, they offer a more intuitive representation through two-dimensional or three-dimensional maps, overcoming the graphical limitations of multi-dimensional spaces. Moreover, data standardization aids in further reducing system errors. However, it is important to note that this method is only applicable to distinguishing bitterness within the same component.
2.2.3 The relationship between electronic tongue taste information value and THTPM
The electronic tongue taste information is typically expressed through relative response values or bitterness values. Establishing the relationship between electronic tongue taste information and THTPM involves data-driven modeling and prediction, relying on experimental data and mathematical methods. Several studies have demonstrated a strong correlation between taste assessed by electronic tongue and human taste perception (Ito et al., 2013; Wang et al., 2013; Maniruzzaman et al., 2014; Maniruzzaman and Douroumis, 2015). In recent years, there has been a proliferation of applications for quantitatively predicting bitterness using electronic tongue. For instance, Li (Li et al., 2016) utilized berberine hydrochloride as a reference and matrine and oxymatrine as model drugs to establish a bitterness prediction model (BPM) based on THTPM bitterness ratings and data from the TS-5000Z electronic tongue sensor. The results indicated a significant correlation between taste bitterness and electronic tongue bitterness (R2 matrine = 0.8955, R2 oxymatrine = 0.9793). The electronic tongue-based bitterness prediction model for matrine and oxymatrine exhibited high accuracy (R2 matrine = 0.9639, R2 oxymatrine = 0.9535). (Liu et al., 2014a) developed a BPM for berberine hydrochloride using a genetic algorithm-back propagation neural network (GA-BP), incorporating bitterness intensity evaluated by sensory groups and data provided by electronic tongue. The model demonstrated excellent fitting (R2 = 0.99965) and could effectively predict the bitterness of berberine hydrochloride across different concentrations, serving as a reference for developing BPMs for other drugs. Chen (Chen et al., 2020) presented a biosensor utilizing Drosophila odorant binding protein (OBP) as a biosensitive material. This biosensor was employed to study typical bitter molecules such as denatonium, quinine, and berberine using electrochemical impedance spectroscopy. The findings revealed significant binding properties between the bitter molecules and OBP, displaying a linear response within the concentration range of 10-9-10–6 mg/mL, indicating broad application prospects for the OBP-based biosensor. (Xue, 2022) employed Weibull curve fitting to evaluate the taste of oseltamivir phosphate and ginkgo leaves, along with electronic tongue data, enabling quantitative description of bitterness. The prediction model’s accuracy and superiority were assessed through cross-validation. Additionally, the electronic tongue method’s ability to predict the bitterness of bitter substances was validated against THTPM results.
In general, there exists a certain correlation between the taste information provided by the electronic tongue and the outcomes from THTPM, although this correlation may not always be consistent. Numerous factors contribute to this, including the type of electronic tongue, sensor selection, signal processing methods, data analysis techniques, standardization of tasting methods, and the training of evaluators. Due to variations in perception mechanisms and sensitivity between electronic tongues and human taste, the electronic tongue may not fully capture the nuanced characteristics of individual taste perception (Uchida et al., 2001). Consequently, the relationship between electronic tongue taste information and taste assessment methods requires calibration and validation specific to the samples and conditions at hand and cannot be generalized.
2.3 Taste strips and filter paper disc method
Taste strips (TS) consist of filter paper infused with taste substances. When evaluating, the evaluator places the TS on the tongue’s center, closes the mouth, and gradually moves the tongue, allowing saliva to dissolve the taste enhancer on the strip. After a designated period, the strip is removed for taste assessment, as shown in Figure 4. Ranmal (Ranmal et al., 2023) examined subjects’ hedonistic responses to bitter stimuli from TS. Findings revealed that as the concentration of quinine hydrochloride (QHCl) on TS increased, both children and adults showed heightened aversion to bitterness. Similarly, Schienle (Schienle and Schlintl, 2020) utilized QHCl TS to gauge taste intensity, ranging from no sensation to “the strongest imaginable sensation of any kind.” Green (Green et al., 2022) employed TS containing high and low concentrations of four tastes (sour, sweet, bitter, and salty) to assess taste function in healthy participants. Results indicated elevated recognition levels among participants exposed to high-concentration taste strips in laboratory settings.
[image: Figure 4]FIGURE 4 | Quantitative research method of bitterness based on taste strips (TS). Based on (Ranmal et al., 2023).
Another bitterness measurement method akin to the TS method is the filter paper disc method (FPD). KATARINA(Berling et al., 2011) employed FPD to assess evaluators’ perception thresholds for various flavors. Each flavor agent comprised five different concentrations. Using a scoring system from one to 6, where one indicates the lowest threshold, five represents the highest measurable threshold, and six signifies an unmeasurable high threshold, evaluators progressed from low to high concentrations until they correctly identified the taste, thus determining the recognition threshold. Results indicated standard thresholds for four flavors: bitter 1.9 ± 1.30, acid 2.3 ± 1.09, salty 2.5 ± 1.53, and sweet 2.6 ± 1.37, respectively, with bitterness identified at a lower concentration than other flavors.
The TS and FPD methods offer a straightforward, rapid, safe, and effective out-of-laboratory (OOL) sensory evaluation approach for assessing bitterness perception. Nonetheless, further research is warranted to establish a stronger correlation between the “local stimulation” method and the “full mouth” method based on the classical population taste evaluation method.
2.4 Facial expression analysis
Facial expressions serve as a rich source of emotional information. When individuals taste different flavors of medications, their facial expressions vary accordingly. For instance, tasting non-bitter Chinese medicine may elicit “neutral” expressions, whereas tasting bitter Chinese medicine may provoke expressions of “disgust,” characterized by tight frowns and clenched teeth. Facial expression recognition technology leverages facial expression data to objectively analyze human emotional responses. Utilizing this technology, we can extract facial expression features of individuals and employ suitable expression classification methods to objectively assess taste perception, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Quantitative research method of bitterness based on facial expressions (Wang, 2022a).
Wang (2022a) utilized taste stimulation to perceive potential signals from nerve-related facial muscles and gland-related muscles, converting them into digital signals to acquire taste information, thus enabling the acquisition of taste information from electric potential signals. Furthermore, variations in the intensity of expression responses may occur when evaluators taste natural medicines with differing levels of bitterness (Zhi et al., 2017). observed that facial expression intensity can indicate the degree of taste stimulation across various concentrations and levels. Most participants displayed pronounced aversion to medium and high concentrations of bitterness, manifesting as expressions of disgust. With the rapid advancement of deep learning, facial expression recognition technology has progressed from simple classification to intensity level analysis. Yang et al., 2010 introduced a novel technique for facial expression analysis based on a ranking model. They transformed the task of expression intensity analysis into a ranking problem and employed RankBoost modeling. The resulting ranking score can directly estimate intensity and demonstrated good performance on the Cohn-Kanade dataset. As facial expression recognition technology continues to evolve, researchers have established datasets such as JAFFE, FER 2013, and CK + for facial expression analysis. However, an exclusive dataset for bitterness evaluation is yet to be established. Developing such a dataset is crucial to advancing the intelligent and accurate quantification of bitterness.
2.5 Animal behavior test
When one animal is attracted to a stimulus while another avoids it, it suggests that the compound may possess distinct perceptual characteristics for different tasters, leading to varied evaluations (Loney et al., 2012). The two-bottle preference test (TBP) (Yoneda et al., 2007) is employed to assess the aversive taste of food or beverages, utilizing the preference index (PI) as the evaluation metric (Loney et al., 2011). Rodents are commonly chosen as experimental subjects due to their highly homologous bitter taste receptors to humans, thus exhibiting similar taste perceptions (Noorjahan et al., 2014). Han (Han et al., 2018) established the relationship between quinine concentration and animal PI. Subsequently, the PI of 12 bitter Traditional Chinese herbal (TCH) compounds was determined using TBP, and the bitterness results were standardized into a unified numerical system based on the concentration-PI relationship. This standardization offers a methodological framework for sensory evaluation of natural medicines, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Quantitative research method of bitterness based on animal behavior test. Based on (Han et al., 2018).
Magdalena Münster (Münster et al., 2017) assessed the palatability of the bitter compound praziquantel using the rodent transient contact taste aversion (BATA) model and calculated the IC50 value, representing the concentration of praziquantel inhibiting 50% of the maximum licking response. The findings revealed a decrease in licking frequency with increasing praziquantel concentration, with an IC50 value of 0.06 mg/mL (95% CI 0.049-0.082). Comparative analysis indicated that praziquantel elicited a stronger aversive response compared to other bitter compounds such as sildenafil citrate, caffeine citrate, diclofenac, or paracetamol (Soto, 2016).
It is important to note that the outcomes of animal studies are influenced by species-specific expression of bitter taste receptors, resulting in bitter taste responses that may differ from those in humans (Dong et al., 2009). Future research endeavors should focus on refining methodologies to achieve more accurate quantitative assessments of bitter taste.
2.6 Cell-based assessment methods
Bitter substances, serving as flavoring agents, can stimulate certain taste bud cells. By describing the interaction strength between them, it is possible to achieve an objective measurement for the quantification of bitterness (Narukawa et al., 2011), as shown in Figure 7. (Hui et al., 2012) utilized human intestinal endocrine STC-1 cells expressing G protein-coupled receptors and bitter receptors (type 2 members) as sensing devices to conduct specific detection of bitter substances. The findings demonstrated that the sensor utilizing STC-1 cells selectively responded to bitter agents and mixtures, with the type and concentration of bitter agents determinable via signal-to-noise ratio parameters. This approach offers a valuable avenue for investigating taste mechanisms and evaluating bitterness intensity. Nakamura (Nakamura et al., 2003) investigated the effect of quinine on [[Ca2 +]i levels in cultured nerve-2a cells, exploring the potential of [[Ca2 +]i levels to predict the bitterness of quinine solutions. Following quinine stimulation, [Ca2+]i levels in nerve-2a cells increased in a concentration-dependent manner.
[image: Figure 7]FIGURE 7 | Quantitative research method of bitterness based on animal behavior test. Based on (Narukawa et al., 2011).
However, the cell-based biosensor evaluation method also has certain limitations, as cells may not be able to detect all bitter substances. For instance, Thomas (Delompré et al., 2022) demonstrated the bitterness of vitamins B2 and B3 in sensory analysis, where cell-based assays failed to yield any information. This may be attributed to the inherent fluorescence characteristics of the two vitamins at high concentrations (Chen and Chung, 2022). Additionally, current taste cell culture methods are susceptible to the influence of pseudo-taste cells, potentially leading to overinterpretation. Therefore, caution must be exercised when employing this method.
In summary, researchers have conducted numerous quantitative studies on bitterness using both in vivo and in vitro methods. Throughout this process, researchers have identified various dimensions of bitterness quantification, including local and overall characteristics, static and dynamic features, and external macro performance and internal micro mechanisms. Each method possesses its own advantages and disadvantages (Table 3). When evaluating drug development, taste masking, and palatability, researchers can select appropriate methods based on research objectives, cost, time constraints, and other factors. However, it is important to note that bitterness research methods are still evolving. In the future, researchers need to continue exploring quantitative evaluation methods for bitterness, standardizing the evaluation process to facilitate the high-quality development of bitterness quantification.
TABLE 3 | Analysis of the advantages and disadvantages of various bitterness quantitative methods.
[image: Table 3]3 FUTURE RESEARCH DIRECTIONS
Due to the influence of ethical reviews, the complexity of the regularity of bitter substance structural characteristics, the significant differences in the activation capacity of bitter taste receptors, and the surrounding environment of bitter substances, the quantitative research methods for bitterness are still actively being explored. The current research method system for bitterness, which is primarily based on THTPM and supplemented by other research methods, still requires further improvement to meet basic research needs. The main aspects which is shown in Figure 8 include: (1) Optimizing the quantification and evaluation methods for bitterness. By strictly selecting the evaluation population, establishing standardized operating procedures, and developing methods for handling outliers, the subjectivity of direct bitterness evaluation methods is reduced (Medicine, 2024); by strengthening the basic research on the structural characteristics of bitter substances, the characteristics of activating ligands, and the mechanisms of bitterness presentation, the relationship between concentration-structure-function-bitterness is explored, as well as the relationship between key chromatographic information/electrical signals/fluorescent signals and bitterness. This provides foundational support for optimizing indirect bitterness evaluation methods and actively utilizes machine learning algorithms to enhance the objectivity, accuracy, speed, and transparency of indirect bitterness evaluation methods. (2) Conduct refined quantification of bitterness and explore new methods for bitterness quantification research. Since there is a subtle relationship between people’s preferences or aversions to bitterness (Mura et al., 2018), research methods from the food field can be referenced to make refined distinctions in bitterness, such as good bitterness and bad bitterness, and to carry out refined quantitative evaluation of different types of bitterness in drugs (Sook Chung and Lee, 2012; Araujo et al., 2021). At the same time, closely focus on the taste-affecting factors that influence the bitterness of drugs and construct new methods for bitterness quantification and evaluation. For example, based on methods such as virtual screening, biofishing, and physicochemical detection, establish the relationship between key parameters of the above methods and bitterness, and systematically analyze the comprehensive impact of structural characteristics, concentration, and external environmental factors of bitter substances on bitterness. (3) Construct a quantitative research platform for bitterness. Currently, researchers often reveal the mechanisms of bitterness from a mesoscopic or microscopic perspective, and the bitterness platforms constructed are mostly centered around qualitative identification (determining whether it is bitter or not) (Chu et al., 2024). On this basis, there is an urgent need to build a quantitative research platform and equipment for bitterness, and to integrate different types of data in multiple dimensions, to promote the transformation of basic research on bitterness quantification to applied research. (4) Improve and establish a series of standards for quantitative research on bitterness. In order to achieve scientific measurement and effective evaluation of senses, a series of international documents have been issued for sensory analysis. For the sensory evaluation of bitterness, some scholars have already conducted research on the technical specifications for sensory evaluation based on the characteristics of natural medicines (Medicine, 2024). In the future, it is still necessary to formulate industry, national, and global standards around the research design and plan framework guidelines, statistical analysis plans, methodological validation, data processing, etc., of bitterness quantification, to promote the standardization, scientification, and systematization of quantitative research on drug bitterness. (5) Research Extension. Bitter substances possess a variety of physiological activities (Zuluaga, 2024). In traditional Chinese medicine theory, bitterness is believed to have effects such as " downbearing and discharging, drying dampness, and consolidating Yin " Advancing the research on the functional attributes of bitterness and its extension into the field of bioinformatics, including the relationships between bitterness and efficacy, and bitterness and receptors, can provide support for accelerating the development of target drugs.
[image: Figure 8]FIGURE 8 | A framework addressing the challenges and future development directions in bitterness quantification.
In the process of exploring the quantification of bitterness, we also face many challenges. On one hand, there are issues such as non-standardized operating procedures and inconsistent technical parameters. These mainly include the lack of uniformity in scales, reference solutions, the volume of samples evaluated at one time, temperature, evaluation time and intervals, and limited instrument stability, which hampers the comparability of results between different studies (Zuluaga, 2024). On the other hand, the complexity of bitter taste presentation makes the quantification of bitterness very difficult, especially for the measurement of the comprehensive bitterness in complex systems, where it is urgent to explore the taste rules in the independent state of substances and under the state of complex systems (Zhang et al., 2021; Gao et al., 2023). In addition, the flexibility of virtual screening methods, the specificity and sensitivity of indirect measurement methods, and the computational power of different machine algorithms also affect the accuracy of bitterness quantification. In the future, researchers urgently need to further enrich the database of bitter substances, establish standardized and unified operating standards, and by improving detection technology and optimizing algorithm capabilities, jointly explore and mutually verify the characteristics of bitterness from macroscopic, mesoscopic, or microscopic perspectives (Li et al., 2024).
4 CONCLUSION AND FORESIGHT
In nature, various taste substances exist alongside intricate taste mechanisms, and numerous factors influence the quantification of drug bitterness to varying extents. In light of this, different quantitative evaluation methods for bitterness have been established, each possessing its own merits. Presently. Currently, an increasing number of researchers are leveraging column chromatography, HPLC, HPLC/ESI-MS, LC/ESI-MS/MS, UPLC-Q-TOF/MS, and nontargeted LC/MS flavoromics analysis to separate and identify the bitter compounds (Suryawanshi et al., 2006; Mustafa et al., 2015; Höhme et al., 2023). They also combine methods such as sensory-guided, virtual screening, and chromatography-taste association to improve the efficiency of discovering bitter components (Yu et al., 2020; Yang et al., 2023). This signifies that the study of bitterness in natural medicines is steadily advancing. However, the identification of bitter components represents merely the initial phase. A precise, dependable, and straightforward method for evaluating drug bitterness is required to investigate bitterness masking strategies for medications. Similar to the measurement of length using the international unit “meter” and temperature using the “degree Celsius,” bitterness should also be subject to standardized, objective quantitative methods and parameters. This review scrutinizes research on bitterness quantification, delineates factors influencing drug bitterness, and acknowledges the role of material, human, and environmental factors in affecting bitterness perception. Consequently, in the quantitative exploration of drug bitterness, it is imperative to identify and regulate these factors to ensure the reliability of outcomes. Furthermore, this paper consolidates the characteristics of various bitterness quantification methods, systematically categorizes the quantitative approaches for representative drugs, and emphasizes the challenges associated with quantifying bitterness in natural drugs characterized by complex systems. It also elucidates the future research directions that urgently need to be undertaken. This is of significant guiding importance for our continued in-depth focus on the research of quantitative bitterness methods and lays an important foundation for the development of precise, efficient, and rich taste-masking strategies. Such efforts aim to foster research into taste masking optimization and palatability enhancement, thereby laying a crucial groundwork for enhancing the clinical acceptance of natural medications.
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Background: Pralsetinib, a targeted inhibitor of the RET enzyme, plays a critical role in the treatment of adult patients with locally advanced or metastatic non-small cell lung cancer (NSCLC) characterized by RET gene fusion mutations following platinum-based chemotherapy. Nevertheless, impurities resulting from the manufacturing and degradation of pralsetinib have the potential to impact its therapeutic effectiveness and safety profile.Methods: To address this issue, a liquid chromatography method was developed and validated for the specific identification of pralsetinib and its related impurities. The separation of pralsetinib and its related impurities was achieved via a Waters X Bridge C18 column with dimensions of 4.6 mm × 250 mm and a particle size of 5 μm. Mobile phase A was composed of 20 mmol/L potassium dihydrogen phosphate (KH2PO4) and acetonitrile (ACN) at a volume ratio of 19:1, while mobile phase B consisted solely of ACN, utilizing a gradient elution technique. Detection was performed at a wavelength of 260 nm, with an injection volume of 10 μL and a flow rate of 1.0 mL/min.Results: The chromatographic method established in this study was validated according to the ICH Q2 (R1) guidelines. The method demonstrated excellent linearity over a specific concentration range (imp-A: 0.035–10.21 μg/mL; imp-B: 0.09–10.16 μg/mL; imp-C: 0.15–10.19 μg/mL; pralsetinib: 0.04–10.32 μg/mL). Additionally, the method possesses high sensitivity, with detection limits for impurities A, B, C, and pralsetinib of 0.01, 0.03, 0.015, and 0.013 μg/mL, respectively, and quantification limits of 0.035, 0.09, 0.05, and 0.04 μg/mL, respectively. In terms of specificity, stability, repeatability, accuracy, and robustness, the method met the validation acceptance criteria. Overall, the chromatographic technique established in this study can effectively separate pralsetinib and its impurities, providing reliable assurance for the accurate detection and quantification of impurities.Conclusion: The chromatographic method developed in this study can be utilized for the detection of pralsetinib and its impurities, offering a crucial reference for research on the quality of pralsetinib.Keywords: pralsetinib, liquid chromatography, method development, method validation, related substances
1 INTRODUCTION
Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, accounting for approximately 85%–90% of all lung cancer cases (Chen et al., 2022; Melosky et al., 2022). Unlike other types of lung cancer, NSCLC usually does not exhibit symptoms in the early stages, which leads to delayed diagnosis and often results in its discovery in the later stages (Du et al., 2022; Spagnuolo and Gridelli, 2023). To improve the treatment outcomes of NSCLC, scientists have conducted extensive research aiming to identify specific therapeutic targets for interventional treatment. Currently, the clinically targeted therapeutic drugs for non-small cell lung cancer mainly include epidermal growth factor receptor (EGFR) inhibitors (Yu et al., 2020; Cheng et al., 2021), kirsten rat sarcoma viral oncogene homologue (KRAS) inhibitors (Sidaway, 2021; Nakajima et al., 2022; Ou et al., 2022), anaplastic lymphoma kinase (ALK) inhibitors (Frampton, 2013; Camidge et al., 2019; Shaw et al., 2020), and (rearranged during transfection) RET inhibitors (Huang et al., 2023; Zhou et al., 2023).
RET is a transmembrane glycoprotein receptor tyrosine kinase encoded by the RET proto-oncogene, which is located on chromosome 10q11.2 and plays a pivotal role in the embryonic development of the kidney and enteric nervous system (Yadav et al., 2020; Buchholz et al., 2021). The presence of RET fusion, an oncogenic driver, is observed in approximately 1%–2% of individuals with NSCLC (Lin et al., 2020). Targeted therapies directed at RET have demonstrated notable efficacy in NSCLC, leading to enhanced response rates and extended disease-free survival for patients.
Pralsetinib, chemically known as (((R)-3-(6-(4-fluoro-1H-pyrazol-1-yl)pyridin-3-yl)-1-((1s,4S)-1-methoxy-4-(4-methyl-6-((5-methyl-1H-pyrazol-3-yl)amino)pyrimidin-2-yl) cyclohexyl) butan-1-one--(S)-1-(6-(4-fluoro-1H-pyrazol-1-yl)pyridin-3-yl) ethan-1-amine), a highly selective RET inhibitor (Griesinger et al., 2022), was approved by the China National Medical Products Administration in March 2021 for the treatment of locally advanced or metastatic non-small cell lung cancer in adult patients with RET gene fusion who previously received platinum-based chemotherapy.
Current research on pralsetinib primarily focuses on its clinical effectiveness and safety in treating NSCLC (Gainor et al., 2021; Griesinger et al., 2022). Meanwhile, studies have employed HPLC-MS/MS technology to detect drug concentrations in the plasma of patients taking pralsetinib (Gulikers et al., 2023). However, it is noteworthy that no literature has yet reported the use of high-performance liquid chromatography (HPLC) to detect related substances in pralsetinib’s bulk drug. The process impurities and degradation impurities that may be generated during the synthesis and storage of pralsetinib may affect its safety and efficacy. Therefore, developing a detection method for pralsetinib and its impurities.
The high-performance liquid chromatography (HPLC) technique, characterised by its convenience, simplicity, stability, and cost-effectiveness, remains the most ideal separation technique for determining active ingredients and related substances in pharmaceutical samples in the pharmaceutical industry (Zhao et al., 2022). Furthermore, the majority of bulk medications included in the United States Pharmacopeia (USP) and the European Pharmacopeia (EP) utilize HPLC to detect related substances (Agtas et al., 2024; Gondhale-Karpe and Manwatkar, 2023; Zhao and Rustum, 2024). Currently, there is a scarcity of documented literature on techniques for detecting related substances in pralsetinib’s bulk drug. Considering the potential impact of impurities on pralsetinib’s efficacy and safety, it is crucial to develop an HPLC method for detecting relevant substances in pralsetinib’s bulk drug.
This research presents the successful development and implementation of a RP-HPLC method for detecting impurities in pralsetinib. This method is distinguished by its simplicity, sensitivity, accuracy, and durability. In particular, this approach can efficiently separate pralsetinib-related substances, including some unknown impurities and known impurities. Furthermore, the specificity, accuracy, stability, and robustness of the method were assessed. The RP-HPLC method was assessed for its limit of quantitation (LOQ), limit of detection (LOD), linearity, and recovery rate simultaneously. In conclusion, the established RP-HPLC method offers a novel approach for the advancement of process development and quality assessment of pralsetinib.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Pralsetinib and its known impurities (named imp-A, imp-B, and imp-C) were acquired from Beijing Bailingwei Technology Co., Ltd. (Beijing, China). Merck (Darmstadt, Germany) provided HPLC-grade ACN and methanol (MeOH). Other analytical grade chemical reagents were purchased from China National Pharmaceutical Group Chemical Reagent Co., Ltd. (Beijing, China).
2.2 Instruments
An Agilent 1200 HPLC system, which was outfitted with an ultraviolet (UV) detector, and a Shimadzu LC-20AD system, which was equipped with a photodiode array detector, were used for method development and validation.
2.3 HPLC conditions
A chromatographic column (4.6 mm × 250 mm, 5 μm) was used to separate pralsetinib and its impurities at a flow rate of 1.0 mL/min. Mobile phase A is composed of a 20 mmol/L aqueous solution of potassium dihydrogen phosphate (KH2PO4) and acetonitrile (ACN) at a volume ratio of 19:1, whereas mobile phase B is composed solely of acetonitrile (ACN). Table 1 presents a thorough explanation of the gradient elution procedure. UV analysis was conducted at a wavelength of 260 nm, with an injection volume of 10 µL.
TABLE 1 | Gradient program of the final method.
[image: Table 1]2.4 Preparation of stock solutions
2.4.1 Preparation of pralsetinib stock solutions
Approximately 25 mg of pralsetinib was precisely weighed and transferred to a 50 mL volumetric flask. Next, a suitable volume of 50% methanol-water mixture was added, and the mixture was sonicated for dissolution. The volume was subsequently adjusted to the mark value to obtain the pralsetinib stock solution.
2.4.2 Preparation of pralsetinib-related substance stock solutions
The impurities (imp-A, imp-B, and imp-C) were measured at approximately 10 mg each and transferred individually to 20 mL volumetric flasks. The impurities were subsequently dissolved in a 50% methanol solution using ultrasonication and diluted to the calibration mark, yielding a stock solution of impurities with a concentration of 0.5 mg/mL.
2.5 Preparation of mixed solutions and system suitability solutions
A total of 10 mg of pralsetinib was accurately weighed and transferred to 20 mL volumetric flask. The compounds were subsequently dissolved in 10 mL of methanol, and 5 mL of a 1 mol/L hydrochloric acid (HCl) solution was added. The resulting mixture was heated at 75°C for 48 h. Upon completion of the reaction, the mixture was neutralised with a 1 mol/L sodium hydroxide (NaOH) solution. Next, the mixture was diluted with a 50% methanol aqueous solution to a total volume of 20 mL to obtain the acidic degradation product.
In a comparable manner, 10 mg of pralsetinib should be accurately weighed and transferred into a 20 mL volumetric flask, followed by the addition of 10 mL of methanol for sonication to facilitate dissolution. Subsequently, 10 mL of a 3% hydrogen peroxide solution was added, and the reaction was allowed to proceed at ambient temperature for a duration of 1.5 h. Following the completion of the reaction, it was suggested to that the reaction be terminated with manganese dioxide, followed by filtration to separate the manganese dioxide and collect the resulting solution containing the oxidative degradation product. Finally, the acidic degradation product and the oxidative degradation product should be combined at a ratio of 3:1 to generate a system suitable solution.
2.6 Preparation of the sample solution
For sample solution preparation, approximately 10 mg of pralsetinib bulk drug were precisely measured and then dissolved in a mixture of methanol and water mixture (50/50, volume/volume) until a concentration of approximately 0.5 mg per milliliter was reached.
3 RESULTS AND DISCUSSION
3.1 Method development
The synthesis of the RET inhibitor pralsetinib was conducted according to the synthetic pathway outlined in Supplementary Figure S1 of the US patent US20170121312A1. The synthesis of pralsetinib consists of seven steps and uses various reagents and intermediates. Figure 1 depicts the chemical structures of three known impurities and pralsetinib studied. Imp-B and imp-C are impurities not only from photodegradation, but also from the manufacturing process.
[image: Figure 1]FIGURE 1 | Chemical structures of pralsetinib, imp-A, imp-B and imp-C.
The current preliminary research on pralsetinib primarily encompasses two significant aspects: evaluating the efficacy and safety of pralsetinib in treating NSCLC, as well as monitoring and analyzing its serum drug concentration. Notably, no studies have been reported thus far regarding the detection of pralsetinib-related substances.
To optimise the detection method, an investigation was conducted on the impact of the solvent, detection wavelength, mobile phase composition, and elution method on sample separation. The selection of an appropriate solvent involved dissolving pralsetinib in both methanol (MeOH) and acetonitrile (ACN). The results of the experiments indicated that pralsetinib was less soluble in acetonitrile than in methanol, which completely dissolved the sample. Owing to the volatile nature of methanol, a 50% methanol-water mixture was also tested as a solvent, revealing that the sample could still be fully dissolved at a concentration of 0.5 mg/mL. Following the solution stability study, it was determined that there was no notable alteration in related substances within the sample when a 50% methanol-water mixture was used as the solvent within a period of 48 h. Consequently, the selected solvent for this investigation was ultimately a 50% methanol-water mixture. To identify the most suitable detection wavelength, pralsetinib and its known impurities (imp-A, imp-B, imp-C) were diluted with a 50% methanol-water mixture to a concentration of 10 μg/mL and subjected to UV-VIS scanning analysis within the wavelength range of 200–400 nm. The UV spectrum, depicted in Figure 2, revealed prominent absorption peaks near 260 nm for both pralsetinib and its impurities. Consequently, the detection wavelength for this study was 260 nm.
[image: Figure 2]FIGURE 2 | UV spectra of pralsetinib and its known impurities (imp-A, imp-B, imp-C).
When developing the analytical method, the system suitability solution was selected because of the presence of a large number of impurities and difficult-to-separate chromatographic peak pairs. The peak shape, retention time, and peak resolution was used as evaluation criteria. During the development of the analytical methodology, the system suitability solution was chosen because of its complexity, containing numerous impurities and challenging chromatographic peak pairs. The evaluation process emphasized three key metrics: peak symmetry, retention time, and peak resolution. We preferred to utilize high-performance liquid chromatography (HPLC) with an isocratic elution strategy, emphasizing the simplicity of the mobile phase composition. The inclusion of buffer salts was minimized when possible. Our initial experiments involved the use of a mobile phase ratio of ACN-H2O (70:30, v/v). Despite the primary peak having a retention time of 2.271 min, overlap among impurity peaks was observed, leading to a compromise in separation efficiency, as illustrated in Figure 3A. Owing to the weak basic characteristics of pralsetinib, the incorporation of buffer salts to improve chromatographic separation was explored. Specifically, we utilized acetonitrile and 20 mM potassium dihydrogen phosphate (KH2PO4) as mobile phase components, and evaluated two ratios: 70:30 and 50:50 (v/v). However, the experimental results (depicted in Figures 3B, C) revealed limited improvement in peak resolution between the main peak and impurities.
[image: Figure 3]FIGURE 3 | Chromatogram obtained by optimizing the HPLC conditions (A) ACN-H2O (70:30); (B) ACN-20 mM KH2PO4 solution (70:30); (C) ACN-20 mM KH2PO4 solution (50:50); (D) gradient elution Condition 1; (E) gradient elution Condition 2; (F) final determined gradient elution condition.
Subsequently, an investigation was conducted on the impact of gradient elution. The established gradient elution condition 1 (0–2 min, 20% B →20% B; 2–20 min, 20% B → 70% B; 20–30 min, 70% B → 70% B; 30–31 min, 70% B → 20% B; 31–40 min, 20% B → 20% B) revealed a minimum separation of 1.08 (<1.2) between adjacent impurity peaks and a separation of 3.96 between the main peak and the impurity peaks (Figure 3D), failing to meet the specified criteria. Therefore, the initial organic phase ratio of the gradient was reduced, and the gradient change rate was adjusted to establish gradient elution condition 2. (0–2 min, 8% B→8% B; 2–20 min, 8% B →70% B; 20–30 min, 70% B→70% B; 30–31 min, 70% B→8% B; 31–40 min, 8% B →8% B). Under these conditions, the separations between the main peak and adjacent impurities and between impurities improved, but still did not meet the experimental requirements (Figure 3E). After multiple adjustments, we finally determined the gradient elution conditions as described in Section 2.3 (Figure 3F).
3.2 Method validation
Validation of the HPLC method for detecting related substances in the receptor tyrosine kinase inhibitor pralsetinib was carried out as per the guidelines set by the International Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) Guideline Q2 (R1) (Guideline, 2005). This validation encompasses specificity, sensitivity, solution stability, linearity, precision, accuracy, and robustness.
3.2.1 Specificity
Following the chromatographic parameters outlined in Section 2.3, the solvent, mixed impurities, and system suitability solution were injected to assess the specificity of the detection method. Figure 4 shows the chromatogram of the mixed impurity solution, where Peaks one to four are identified as imp-A, imp-B, imp-C, and pralsetinib, respectively. The retention time (RT), relative retention time (RRT), and resolution values can be found in Supplementary Table S1. The minimum resolution between these impurities and pralsetinib is calculated to be 4.98 (>1.5), satisfying the experimental requirements.
[image: Figure 4]FIGURE 4 | Chromatograms of mixed impurity solutions.
Additionally, the chromatogram of the system suitability solution is depicted in Figure 3F, revealing resolutions of 5.01 and 6.15 between the main peak and adjacent impurity peaks, surpassing the threshold of 1.5. Moreover, the minimum resolution between impurity peaks is 1.49, exceeding the threshold of 1.2. Collectively, these findings indicate that the method displays favorable specificity.
3.2.2 Forced degradation experiments
For the forced degradation study, approximately 10 mg of pralsetinib was weighed and transferred to a 20 mL volumetric flask. The compound was then dissolved in methanol and subjected to a range of degradation conditions, such as acid and alkali hydrolysis, oxidation, photolysis, and heat degradation.
To simulate acid-induced stress, the pralsetinib solution was subjected to treatment with 1 mol/L HCl at a temperature of 75°C for 48 h. The process of alkaline degradation involved the use of a 1 mol/L NaOH solution at a temperature of 75°C for 72 h, followed by the application of a 10% H2O2 solution for 1.5 h. These conditions were used to mimic the degradation effects of alkali and oxidation. The pralsetinib sample was subjected to thermal degradation at 100°C for a period of 30 days, and photodegradation was induced by exposure to an LED tube with an intensity of 4,500 lx for a duration of 30 days. The sample was subsequently diluted to 0.5 mg/mL via a mixture of methanol and water (v/v 1:1) and analyzed according to the procedure specified in Section 2.3.
Figure 5 shows the chromatographic results obtained from the forced degradation study of pralsetinib. Supplementary Table S2 presents an evaluation of the compound’s stability when subjected to different forced degradation conditions, considering the number of impurities, main peak content, minimum separation between principal components and impurities, minimum separation between impurities, and equilibrium rate. Pralsetinib is notably stable under conditions of elevated temperature, exposure to light, and alkaline environments, although it is susceptible to degradation under acidic and oxidative conditions. Importantly, despite differing degradation conditions, the minimum resolution difference between the main peak and impurities exceeds 1.5, whereas the minimum resolution difference among impurities surpasses 1.2, thereby meeting the specified criteria. Additionally, the equilibrium rate falls within the range of 95%–105%. This range is commonly accepted as a critical criterion for achieving equilibrium in material balance.
[image: Figure 5]FIGURE 5 | HPLC chromatograms of undegraded (A), acid-degraded (B), base-degraded (C), oxidatively degraded (D), heat-degraded (E), and photolytically degraded (F) samples.
3.2.3 LODs and LOQs
The sensitivity of the detection method was assessed by determining the limit of detection (LOD) and limit of quantification (LOQ) through stepwise dilution of stock solutions of pralsetinib and its identified impurities (imp-A, imp-B, imp-C), followed by computation of signal-to-noise ratio. The concentrations corresponding to signal-to-noise (S/N) ratios of 3:1 and 10:1 were designated the LOD and LOQ, respectively. The detailed results can be found in Table 2.
TABLE 2 | Linearity, LODs and LOQs of pralsetinib and known impurities (imp-A, imp-B, imp-C).
[image: Table 2]3.2.4 Stability of the solution
A thorough stability assessment was conducted on the pralsetinib sample solution by analyzing it at different time points (0, 1, 2, 4, 6, 8, 12, and 24 h) to determine its stability. This assessment included monitoring changes in the number of impurities, maximum content of individual impurities, and overall impurity content. The results of these analyses are detailed in Supplementary Table S3. Additionally, after being exposed to room temperature for 24 h, the sample mixture presented minimal alterations in the three parameters, indicating its stability at room temperature for a period of 24 h.
To evaluate the stability of solutions containing known impurities, a mixed impurity solution was prepared and analysed via injection at various time points over a 24-h period using the chromatographic parameters specified in Section 2.3. The results indicated that the relative standard deviations of the peak areas for pralsetinib and impurities A, B, and C were 1.35%, 1.27%, 1.39% and 1.73%, respectively, which are all below the predetermined 2% threshold. These findings suggest that solutions containing these impurities remain stable for 24 h.
3.2.5 Linearity
This study presents an investigation of the linear relationship between pralsetinib and its related substances at concentrations ranging from the LOD to 2.0% of the desired concentration (approximately 0.5 mg/mL).
To conduct the analysis, multiple concentrations of detection solutions were prepared by diluting the prasetinib standard stock solution and the impurity (imp-A, -B, and -C) standard stock solutions with a MeOH/H2O mixture (50/50, v/v). The linearity of the method was assessed through chromatographic analysis. The regression curve for pralsetinib and its related substances is shown in Supplementary Figure S2, while Table 2 presents the calibration curve and correlation coefficient. Across the analytical concentration range of the LOD to 2.0% of the target concentration (∼0.5 mg/mL), all correlation coefficients surpassed 0.99.
3.2.6 Precision
The precision of the instrument was assessed by performing six consecutive injections of the mixed solution described in Item 2.5 under the specific HPLC conditions outlined in Item 2.3. Chromatographs were subsequently generated to quantify both the relative retention time and peak area. The relative standard deviations (RSDs) for pralsetinib and its impurities (imp-A, -B, and -C) were found to be 0.04%, 0.06%, and 0.08%, respectively. Similarly, the RSDs for the peak areas were determined to be 0.85%, 0.65%, 1.21% and 0.75%, respectively. Notably, all RSD values were less than 2%, indicating a high level of precision in the instrument.
3.2.7 Repeatability
To evaluate the reproducibility of the method, six samples with known impurities were prepared and subsequently analysed under the conditions outlined in Section 2.3. The RSD for impurities A, B, and C were calculated to be 0.57%, 0.79%, and 1.32%, respectively. These findings, which all fall below the 2% threshold, suggest that the method has satisfactory reproducibility.
3.2.8 Recovery
This study tested the recovery rates of known impurities (imp-A, imp-B, and imp-C) from pralsetinib at three different concentrations, 50%, 100%, and 150%, with a concentration of approximately 1 μg/mL used as the reference concentration at the 100% level. To achieve these concentrations, different volumes of impurity stock solutions were added to the pralsetinib sample solution. Each concentration of the sample was prepared in triplicate and injected, and the recovery rate was calculated. The findings depicted in Table 3 indicate that the recoveries of all known impurities ranged from 50% to 150%, with RSD values for these compounds below 2.0%. These findings suggest that the method demonstrates a high level of accuracy.
TABLE 3 | Recovery of known impurities (imp-A, imp-B, imp-C) in pralsetinib.
[image: Table 3]3.2.9 Durability
To assess the durability of the method, we determined the optimal parameters for the system under various chromatographic conditions. These conditions included variations in the initial ratio of mobile phases A-B, wavelength, column temperature, flow rate, and column type. A comprehensive overview of the conditions for durability can be found in Table 4.
TABLE 4 | Test conditions of robustness.
[image: Table 4]The resolution between pralatinib and its adjacent impurity peaks was greater than 1.5 under various acceptable conditions, with the minimum resolution between impurity peaks exceeding 1.2. There were no notable changes observed in the quantity and composition of impurities. Furthermore, adjustments to the column temperature and wavelength did not affect the detection of related substances. However, variations in the flow rate, column type, and initial mobile phase ratio had minimal effects on the retention time and resolution. Fortunately, minor modifications to these parameters did not substantially impact the detection results, effectively highlighting the robustness of the methodology.
3.2.10 Sample detection
Accurately weigh 10 mg of pralsetinib’s bulk drug from each of the three different batches and place them individually in 20 mL volumetric flasks. Subsequently, dissolve the samples using a 50% methanol-water solution and dilute to the volumetric flask’s mark. Afterward, perform the detection according to the chromatographic conditions outlined in “Item 2.3.” The results of the detection are presented in Table 5.
TABLE 5 | Results of related substances in three batches of pralsetinib samples.
[image: Table 5]4 CONCLUSION
This study aimed to develop an analytical method for detecting process impurities generated during the synthesis of pralsetinib and degradation impurities resulting from forced degradation experiments. Based on the characteristics of these impurities, a new RP-HPLC-UV method was developed for the quantitative analysis of pralsetinib and its related substances. The method involved evaluating factors critical to separation efficiency, including solvents, detection wavelength, mobile phase composition, elution methods, and chromatographic columns. The method was validated in accordance with ICH guidelines, exhibiting satisfactory sensitivity, specificity, accuracy, linearity, repeatability, and robustness, thereby meeting the criteria for method validation. Consequently, this research offers valuable insights for the quality assurance of pralsetinib.
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Sensing platform

Detection range

(ng/mL)

Construction
time (h)

BSA/Ab/Pd@Pt/MoS,-Gr/GCE EC 0.00001-100 0005 13 39 Lin et al. (2021)
CuO NPS/Ag/BSA/Ab/MB Colorimetry 0.05-100 2 8 5 Lietal (2017)
PdCu-Ab,/Ag/Ab,/BSA/AuNPS/GCE EC 0.0001-10 008 7 16 Jiao et al. (2017)
GO-PEI-Ru-AuNPs- Ab,/Ag/Aby/AuNFs/pL- ECL 0.0001-80 0045 2 37 Yuan etal. (2018)
Cys/GCE
CEA aptamer/ZnS$-CdS/MoS,/GCE ECL 0.05-20 30 8 60 Wang et al.
(2016)
Ab/AuNPs@nafion/FC@CHIT/GCE EC 0.03-100 10 9 8 Shi and Ma
(2011)
Ab/GA/Pt NPs@NH,-VMSF/ITO EC 0.0001-10 00003 7 5 ‘This work

BSA, bovine serum albumin; Ab, the antibody of the CEA; MoS,, molybdenum disulfide; Gr, graphene; GCE, glassy carbon electrode; CuO NPs, copper oxide nanoparticle; Ag,
carcinoembryonic antigen; MB, magnetic bead; PdCu, porous PdCu nanoparticles; AuNPs, gold nanoparticles; GO, graphene oxide; PEI polyethylenimine; Ru, the luminophor tris (4,40-
dicarboxylicacid-2, 20-bipyridyl) ruthenium (I1) dichloride (Ru(dcbpy),™); AuNFs, flower-like gold nanoparticles; pL-Cys, polyamino acid L-cysteine; ZnS-CdS, ZnS-CdS nanoparticles FC: K,

[Fe(CN)¢); CHIT, chitosan.
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(064 mm OD x sampler is inserted 0.25 um. 2D
0.3 mm D, Sil-Tec"). into a glass inlet liner column: Rxi-17Sil
(Agilent) (Restek) 1 m x
025 mm x
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forehead PDMS patch passive sampling | Thermal desorptionat | stored into TD- | GC-MS DB-5 MS 170 to Martin et al.
(5 mm x 15 mm x for 30 min 180°C for 10 min. tubes at ~80°C. (Agilent) 60 m x 200 pg/em (2016)
045 mm) Cryo-focusing for 21 days 0.25 mm x
at ~10°C. Injection 025 um
splitless at 300°C for
5 min
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at -80°C. Injection at 018 um
280°C for 10 min
axilla Thermal desorptionat | stored at4'C for | GC-MS DB-5MS not specified Xu et al.
250°C for 3 min. 20 days (Agilent) 20 m x (2007)
Cryo-focusing 0.18 mm x
at -80°C. Injection at 018 um

280°C for 10 min
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hand
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bust

DUKAL brand,
sterile, 2 x 2, 8ply,
gauze sponges

a strip of cotton
wool (3.0 g)

gauze made of
cotton and

cellulose, of 20 x

13 cm dimension

gauze

medical gauze

absorbent pads

Sterile cotton gauze
pads (100% cotton)
Dukal

Gauze pads were
DUKAL brand,
100% cotton,
sterile, 2 x 2, 8-ply,
gauze sponges

Gauze pads were
Dukal brand,
sterile, 2 x 2, 8-ply,
gauze sponges

cotton-shirts

active sampling in
direct contact with the
skin (palm hands)

sampling in direct

contact with the feet

skin (cotton placed in
the socks) for 6 h

sampling in direct skin
(genito-urinary area)
overnight

sampling in direct

contact with the skin

(2 cm square area of

the palm is wiped for

1 min with 0.1 g of dry
gauze)

active sampling by
swabbing the gauze on
the skin to collect the
scbum and the sweat
(sampling time not
specified)

passive sampling
(pads are attached via
stainless steel poppets
in pre-cleaned
‘T-shirts)

Subjects hold the
gauze between the
palms of their hands
as they walked
outdoors for 10 min

Subjects wiped a gauze
on their armpit after
30 min of outdoor
physical exercised

passive sampling:
subjects wear the shirt
for 3 days; a
rectangular piece 20 x
30 cm is cut and
stored in a 10 L
Tedlar” bag

SPME at room
temperature for 21 h

SPME 10 min at 55'C

Headspace 100°C for
30 min

SPME at 50°C for
45 min

DHS; incubation for
5 min at 60 °C,
trapping by purging
500 mL of the sample
headspace at 50 mL/
min with dry nitrogen
through an adsorbent
tube kept at 40°C

HSSE in 250 mL Scott-
Duran GLS80 bottles
with a PDMS stir bar

(1 cm long, 1 mm
thickness) at 60°C
for2h

SPME; equilibration at
50°C for 24 h,
extraction for 15 h

SPME at room
temperature for 21 h

SPME at room
temperature for 15 h

DHS at 23°C for 18 h,

using a sampling pump
ata flow rate of 181/
min with purified air

CAR/DVB/ stored at room
PDMS temperature for 24 h
polyacrylate not specified
(85 mm) 100-
mm-long fiber
nla not specified
PDMS/DVB  stored 24 hat 4'C
Tenax TA stored at ~-80°C in
inert plastic bags
PDMS stored in bags and

‘vacuum-sealed
at -28°C

2 cm fiber, 50/
30 um DVB/
CAR/PDMS

stored in cleaned
10 mL vials, sealed
and secured with
parafilm around the
screw cap opening

stored in a sealed
10 mL glass vial for
24 h prior to
extraction at
ambient
temperature

50/30 um DVB/
CAR/PDMS

stored in a sealed
10 mL glass vial for
24 prior to
extraction at
ambient
temperature

50/30 um DVB/
CAR/PDMS

TENAX-TA (GL
Science)

stored ina 10 L
Tedlar” bag at room
temperature in a
dark place for no
longer than 1 day

GC-MS

GC-MS

GC-MS

GC-MS

GC-MS

GCxGC-
TOFMS

GC-MS

GC-MS

GC-MS

GC-MS

Curran etal. (2010b)

Caroprese et al.
(2009)

Rodriguez-Esquivel
etal. (2018)

Saito et al. (2021)

Trived et al. (2019b)

Smeets et al. (2020)

Crespo-Cajigas et al.
(2023)

Curran et al. (2007)

Curran et al. (2005b)

Haze et al. (2022).
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Source Sampling Extraction Adsorbent Protocol Analysis Sensibility
device method phase system
Breath | Tedlar” bag, 1 L NTD PDMS, Carbopack X, air pump, 30 mL/min GC-MS ppb Monedeiro
Carboxen 1,000 et al. (2021)
sampling bag Carbotrap-B, air pump, 30 mL/min GC-ToE-MS ppb Pizzini et al.
Carbopack-X (2018)
sampling bag SPME Carboxen, PDMS | 25 min at room temperature GC-MS ppt Koureas et al.
(2020)
sampling bag DVB, Carboxen, 60 min at 22°C GCxGC- ppq (pg/L) Caldeira et al.
PDMS ToF-MS (2012)
Tedlar” bag, 3 L Carboxen, PDMS 10 min at 40°C GC-MS ppb Mochalski
et al. (2014)
sampling bag TF-SPME PDMS Thin film, 5% 3hat25C GC-MS ppb Murtada et al.
Carboxen (2021)
FlexFilm Trapping in TD | Tenax, Carbograph, air pump, 200 mL/min GCxGC ppq (pg/l) Berna et al.
bag, 3 L tube Carboxen (2021)
BenchTOF-
Ms
sampling bag Tenax air pump, 250 mL/min GC-MS ppb Brinkman
et al. (2017)
sampling bag Tenax TA air pump, 100 mL/min GC-MS ppb Broza et al.
(2017)
Sweat gauze SPME PDMS/DVB 45 min at 50°C GC-MS LOD for 2-nonenal: Saito et al.
24 pgem’/h (2021)
cotton-shirts DHS TENAX-TA (GL at 23°C for 18 h, using a GC-MS ppm (concentrations in | Haze et al.
Science) sampling pump at a flow rate ng per mg skin surface (2022)
of 1.8 L/min with purified air lipids)
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Analyte Linear range (| Accuracy (RE, %) (n Precision (RSD, %) Rgial Of probe

5, ugL") (n =5, pg-L")

100 100
Nic 03 10-250 099 25 13 35 53 | 41 32 300 +36
Cot 0003 001-250 o | 1s 32 27 2| 30 w | maear
Bz-NNic 0.03 0.1-250 0992 | 22 05 19 32 | 57 17 188+ 25
 Ner | 0003 001-250 0s9s | 15 | 13 50 | 24| 25 37 18.1 % 3.1
wo 03 10-250 0s97 | 21 | 09 o s 44 28420
™o | 0015 0.05-250 0995 21 | -18 09 56 | 75 55 258 +30
Bz-OH-Cot 015 05-250 0995 12 06 19 42 | 22 36 213426
OxPyBut 003 0.1-250 099 | 25 08 15 29 | 27 31 23416
HyPyBut 003 0.1-250 Cos 28 38 21 55 4 42 23429
Bz-DA 10 2.5-500 0.994 6.5 33 29 84 6.8 74 207 £42
BDOPAC | 03 10-500 0996 | 45 58 53| 53| ss 79 318425
Bz-HVA 03 10-500 099 | 64 40 47 71 | 62 75 181+ 11
BsHT | 10 25-500 Do | e 40 35 70 | 53| e | w0zt
Bz-5-HIAA 0.03 0.1-500 099 14 24 36 1| 39 | 4 253+18
Bz-GABA 030 10-500 Coss 37 29 10 0 72 28 aasn
Bz-Glu 03 10-500 0997 | 43 | -26 0s | 48 | 38 27 19.1£30
Ach 03 10-500 0995 26 24 07 5727 42 21419
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CL/F (mL min™) t1/2, (min) MRT (min) Crnax (Mg L

(mg-min”"-mL")

Saline Prodifine Saline Prodifine Saline Prodifine Saline Prodifine Saline Prodifine Saline  Prodifine

Nic 75.1 1315 250 140 1288 767 859 1135 30 30 968.3 12213
Cot 46 56 90 70 1043 1311 186.7 187.1 160 120 167 ‘ 203
NNic | 374 59 20 70 1159 1669 179.9 1794 170 120 1604 ‘ 235

NNO 23 06 50 32 48.1 537 1433 945 30 40 151 ‘ 52
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Target analyte

Detection in

As presented

samples, % ()

After washing

Detection in participants, % (N) ®

As presented

After washing

caz« 100 (96) 100 (96) 100 (33) 100 (32)
NDMC © 86 (83) 80 (77) 94 (30) 88 (28)
Qre 100 (21) 100 (21) 100 (7) 100 (7)
NQTP 100 (21) 100 (21) 100 (7) 100 (7)
oLz 88 (53) 75 (45) 100 (20) 80 (16)
DMO 10 (6) 0(0) 15 (3) 0(0)

*“n” defined as the total number of samples per drug.
“N” defined as the total number of participants per drug where positive detection requires analyte presence in at least one finger.
Siiniies B Berliceaii prvaaibod »100 saidey.
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TrinamiX GmbH, Ludwigshafen, Germany

VIAVI Solutions Inc, Santa Rosa, CA, United States
Texas Instruments, Dallas, TX, United States
Innospectra Corp., Xinzhu, Taiwan, China

Spectral Engines, Helsinki, Finland

Si-Ware Systems, Cairo, Egypt

Hamamatsu Photonics, Hamamatsu city, Japan
Southnest Technology, Hefei, Anhui, China

Insion GmbH, Obersulm,

Germany; OrO Photonics, Xinzhu, Taiwan, China

Senorics GmbH, Dresden, Germany

Linear variable filter instruments

Digital micro-mirror device spectrometers

Fabry Perot tunable filter instrument

MEMS FT-NIR spectrometers

grating microspectrometers

NIR scanner with 16 solar cell detectors
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Related substances (%)

Other single maximum impurity

Total impurities
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038
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Chromatogram conditions The variation range of

parameters

‘The initial proportion of mobile phases

A-B (%)
Wavelength (nm) | 255, 260, 265 ‘
Column temperature (‘C) 35,40, 45
Flow rate (mL/min) | 0.9, 1.0, 1.1

Chromatographic column Waters-Cyg, Agilent-SHC-Cyq,
Luna-Cyg
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Substance Standard calibration curves Correlation coefficient (r) LOD (ug/mL) LOQ (ug/mL)

Pralsetinib y = 22.04x + 2.767 0.9991 0.013 0.04
imp-A y =2737x - 1.107 0.9989 0.010 0035
imp-B y = 1086x — 1.204 0.9993 0.030 0.09

imp-C ¥ = 1L64x - 1536 0.990 0015 005
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Control/(N = 200) Cases p-value

Early-stage Late-stage
(N = 80) (N =120
Mean RSD/ Mean RSD/ Mean RSD/ (Early vs. (Late vs. (Early vs
(SD) % (SD) % (SD) % controls) controls) Late)

Mannose/ 4451 (442) 0.98 50.09 (10.69) e 61.22 (21.64) 0.82
pmol/L

Glucose/ 455 (0.46) 031 499 (0.38) 199 4.95 (0.44) 075
‘mmol/L
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Monosaccharide  Retention time (min) Correlation Concentration range

coefficient R? (ug/mL)

‘ Man 7.36 + 0019 09999 05-500 ‘ 037 126

‘ Gle 1232 £ 0012 09999 05-1,500 ‘ 0.61 207
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1979

1981

1986

199

1997

1997

2000

2008

2013

015

017

2019

2020

‘Monson et al

Soyama et al

Abazava et al.

Pitkinen et a.

Etchison et al.

Pitkanen et al.

Carchon et al.

Taguchi et a.

Sone et al.

Joawik etal.

Sato et al
Miwa etal.
Sanchez-
Espiridion et al.
White et o,

Campi et a.

Han et al

Body fluid

Serum
Serum
Plasmal
ameiotic fluid

Plasma.

Serum

Serum

Serum

Plasma

Plasma

Plasmal
preovulatory

follcular

Serum

Plasma

Serum

Serum

Plasma.

Plasma.

Ensymatic
assay

Enzymatic
asay

Ge-Ms

HPAEC
Enzymatic
asay
ce

HPLC

Ensymatic

HPLC

HPLC

Jrave

LC-MSMS

LCMS-MS

UHPLC-
HRMS

Column/Enzyme

Cofled 18:m glss column

Mannosephosphate somerase

PMIPGIGSPDH

CarboPac PA-10 column
GEPDHIHK/GPI
Fused-slca capilaries
Finepak GEL SA-121Anion-
exchange column

Glucokinase

CarboPac MAI anion-exchange
column

ODS column
Develosil ODS-UG-3 column
Phenomenex L 5u Cellulose-1

column

SUPELCOGEL™ Pb, 6%
Croslinked HPLC column

Shodex HILICpak VG-50 4E

HILIC amino column

Pretreatment
Aidononitrile acetate
derivatives

Elimination of gucose

Elimination of gucose

Elimination of glcose

Elimination of gucose

APTS-derivatives

Elimination of glucose

ABEE-derivatives

ABEE-derivatives

Detector

Flame-ionization
Spectrophotometer
(340 nm)

Spectrophotometer
(340 nm)

Amperometric

detection

LD

LD

Amperometric
detection

D-mannose: FLD,
D-glucose: UV

LD

410 min

200 min

80 min

57.0 min

300 min

300 min

230 min

200 min

140 min

340 min

inearity
range

100-900 ng,

25-1000 pmolrL.

5-200 mmaliL

20-220 pmolr.

5-500 mmolL

400 ol

0-500 g/

027-320 ol

up 10,600 !

1-50 gl

031-40 pg/mL.

1-50 .

100ng

25 mmolil.

5 pmol/L

05 gl

009 yanollL.

5 pmol/L

LLOQ: 1 pg/mL.
ULOQ: 50 pg/ml.

LOD: 031 g/,
L0Q: 1.25 gl

LOD : 05 g
10: 1 gl

References

Monson and
‘Wilkinson et l. (1979)

Soyama (1984)
Akazava et al. 1986)
Pitkanen (1996)
Etchison and Freeze et
al. (1997)
Pitkanen et al. 1997)
Carchon and Jacken
(2001)
Taguchi et al. (2003)

Sone et al. (2003)

Jomwik et al. (2007)

Sato et al. (2008)

Miva and Taguchi
013)

Sancher-Espiridion et
al. (2013)
‘White et al. 2017)

Campi etal. (2019)

Han et al. (2020)





OPS/images/cover.jpg
& frontiers | Research Topics

Analytical chemistry
editor’s pick
2024






OPS/images/fchem-11-1342311/fchem-11-1342311-g008.gif





OPS/images/fchem-11-1342311/fchem-11-1342311-g007.gif
EEEEE) ER ]






OPS/images/fchem-11-1342311/fchem-11-1342311-g006.gif





OPS/images/fchem-11-1342311/fchem-11-1342311-g005.gif





OPS/images/fchem-11-1342311/fchem-11-1342311-g004.gif





OPS/images/fchem-11-1342311/fchem-11-1342311-g003.gif





OPS/images/fchem-11-1342311/fchem-11-1342311-g002.gif





OPS/images/fchem-11-1342311/fchem-11-1342311-g001.gif





OPS/images/fchem-11-1342311/crossmark.jpg
©

|





OPS/images/fchem-11-1328882/fchem-11-1328882-t001.jpg
Sample type

PAS

Methane (%)

Ethane (%)

Propane (%)

GC

Methane (%)

Ethane (%)

Propane (%)

Natural gas

Storage gas

26 May 2023
28 June 2023

2 August 2023

29 June 2023

86.11

85.03

82.35

679

498

495

460

041

‘ 092
‘ 067

‘ 062
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8433
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Extraction Method

Instrumentation

Lipids Identified

Number of
Lipids

Quantification

References

Human milk LLE, chloroform/methanol (2: | UPLC-Q-TOF-MS PC, PE, PI, PS, SM, TAG 136 Relative Sokol et al. (2015)
1, ¥/¥), 1 times extraction quantification
Human milk LLE, dichloromethane/ UPLC-APCI- MS TAG 2 Relative ‘Ten-Domenech
methanol (21, v/v), 3 times quantification etal. (2015)
extraction
Human milk, formula | SPME, methanol: H,O (5:1, | UPLC-ESI-Q-TOE-MS | PC, PE, PL, PS, PG, PA, SM, 764 Cannot Garwolinska et al.
milk, bovine milk viv) Cer, DAG, TAG, FFA, quantification (2017)
PR, ST
Bovine milk, goat milk, | LLE, chloroform/methanol (2: | UPLC-Q-Exactive | PC, PE, PI, PS, PG, PA, SM, 462 Absolute Liet al. (2017)
soymilk 1,v/V), 1 times extraction Orbitrap MS Cer, DAG, TAG, FFA quantification
Human milk LLE, n-hexane, 1 times SFC-Q-TOF-MS DAG, TAG 95 Relative Tuet al. (2017)
extraction quantification
Human milk, infant |~ LLE, chloroform/methanol (2: HPLC-ESI-MS PC, PE, PL, Cer 62 Absolute Tavazzi et al.
formula, butter milk 1, v/v), 2 times extraction quantification (2018)
powder
Human milk, infant | LLE, chloroform/methanol (2: = HPLC-ESI-IT-TOF-MS | PC, PE, PL, PS, PG, PA, SM 161 Absolute Jiang C. et al.
formula 1, v/v), 2 times extraction quantification (2018)
Bovine milk LLE, MTBE: methanol (5:1,v/ |~ UPLC-ESI-Q-TOF-MS | PC, PE, PI, PS, PG, PA, SM, 335 Absolute Li et al. (2020
v), 3 times extraction Cer, DAG, TAG, HexCer, quantification
Hex2Cer, CL
Bovine milk LLE, chloroform/methanol (2: UPLC-HESI-Q PC, PE, P1, PS, PG, PA, PC- 524 Absolute Liu et al. (2020)
1, v/v), 1 times extraction Exactive-M$ P, PE-P, SM, Cer, GluCer, quantification
LacCer, GD3, GM3
Infant formula, PLs: LLE, chloroform/ PLs: HPLC-ELSD PC, PE, P1, PS, SM, No mentioned Absolute Moloney et al.
growing up milk methanol (9/1, v/v), 2 times GD3, GM3 quantification (2020)
powders, raw materials extraction
GAs: LLE & SPE, chloroform/ | GAs: UPLC-Q-TOF-MS
‘methanol, 2 times extraction
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NIR ‘ Wavenumber 4188.696, 5102.804, 5970.628. 6900.164, 9754.34, 1088444, 1125471, 11678.98 ‘
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ata Source LEIRVELETES
electronic nose WIC, W3C, W6S, W5C, WIS, WIW, W25, W2W, W3S
electronic tongue H-bitterness,Bitterness, Astringency
electronic eye Color number value 1911,2167,2183,2184,2438,2439,2694,2710,2711,2712,2966,

2967,2982,2983,2984,2985,3239,3240,3255,3256,3257,3258,3512,
3513,3529,3530,3531,3785,3786,3800,3802,3803,3818,4073,4074,
4075,4076,4090,4091,4092,4093,4094,4095
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parameters

Se!
PLS-DA authenticity and counterfeit identification S 0869 0.9825 09625
ET 07826 0.9649 09125
EE 0869 1.0000 09750
NIR 08696 1.0000 09750
EN + ET + BE oo 1.0000 09750
EN + ET + EE + NIR 0.9130 L0000 09875
PCA-DA species identification EN 09800 0.8500 08500
ET 09200 0.6500 07125
EE 0.9800 1.0000 09750
NIR 0.9800 1.0000 09750
EN + ET + EE " o0ss00 0.9500 050
EN + ET + EE + NIR 1.0000 1.0000 09750
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Variables Response substances (informati

wis alkane

Color number value 3,530 L: 81324, 2:2.059, b:18.207

w2s Alcohols, part of aromatic compounds
w3C Ammonia, aromatic molecules
wiC aromatic hydrocarbons

Color number value 4,091 1: 96,445, a: 7.26, b:30.891

Color number value 4090 L: 96.225, a: 8.707, b:38.525

Color number value 2,985 L: 69.923, a: 4.012, b:10.507

Color number value 3,786 L: 82.772, a: 8.202, b:20463

Color number value 4095 1: 97.579, a: 0, b:0

W5C alkene, aromatic compounds, polar molecules
Color number value 3,802 L: 86.778, a: 0.367, b:25.861

Astringency astringency

Color number value 3,803 L: 87.04, a: 1.983, b:17.941

Color number value 4,073 1: 9197 a: 2515, b:40.97

Color number value 3,800 L: 86343 a: 2.375, b:d1.459
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Recovery (%)
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Dipropyl disulfide 97 86 89
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Method

Response timq

Reference

Surface-enhanced Raman spectroscopy 001 ppm 10 min Xu et al. (2021)
Fluorescent probes 0.2 ppm <4 min Feng et al. (2021)
Quartz crystal microbalance 2-CEES 0.76 ppm ~10 min Alev et al. (2022)
Quantum dot sensor 2-CEES 0.5 ppm 3s Lee et al. (2019)
Liquid chromatography + DBD-OES + MW hydrolysis Dithiocarbamate 0.1 pg/mL >400's Han et al. (2018)
Photochemical vapor generation + miniaturized point discharge OES Methylmercury 0.1 pg/L ~10s Yang et al. (2021)
Dielectric barrier microhollow cathode discharge OES Hydrochlorofluorocarbon 27 ppb <ls Meyer et al. (2012)
DBD-OES Dichloromethane 2 ng/mlL <1's (15 min collection) | Jiang et al. (2016)

MW-APP-OES 2-CEES 15 mg/m® or 0.3 ppm Is This work
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SM simulant Characteristic line/band Fitting curve LOD (mg/m?, ppm) RSD (%) Reproducibility (%)

2-CEES C1247.8 nm y=31x10%26 x 10" | 0.995 03,005 19 4

CS 257.6 nm y=12x 1024 x 10' | 0.999 15,03 35 7

Cl18948 nm y=24x10%21x10° | 097 42,08 29 [ 7

Dipropyl disulfide C1247.8 nm y=37 %1023 x 10' | 0.986 03,004 14 3
CS 257.6 nm y=14%10%-3.0 x 10' | 0.99 21,03 | 26 6

Ethanethiol C1247.8 nm ¥ =36 10%-1.0 x 10" oo 03,01 34 2
CS 257.6 nm y=20x 1088 x 10' | 0.99 1,04 47 4
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Variables Response substances (|

Color number value 2,439 L: 57.822, a: 4.244, b: 10.942

Color number value 2,984 1:69.632, 2:2.25, b:18.817
Color number value 4,076 L: 92,679, a: 1916, b: 17.697
Color number value 2,711 1:63.64, 22371, b:19.17
Color number value 2,438 1:57.535, 2,516, b:19.565
Color number value 2,712 1:63.929, a:4.119, b:10.712
Color number value 3,257 1:75.524, 2:2.147, b:18.497
Color number value 3,256 1:75.268, 2:0.568, b:26.636

Color number value 3,529 1:81.065, 2:0.459, b:26.233

Color number value 3,803 1:87.04, 2:1.983, b:17.941

Color number value 3,240 1:71.156, 2:8.649, b:21.178

wis alkane

Color number value 3,513 1:77.007, a:8.412, b:20.803

wa2s Alcohols, part of aromatic compounds
Color number value 3,530 1:81.324, 2:2.059, b:18.207

Color number value 4,093 1:96.96, a: 3.919, b:15.452

wiC aromatic hydrocarbons
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Advantages

Disadvantages

Taste strips
and filter

paper disc
method

It can intuitively give
the taste of bitter
substances

It can intuitively
give the taste of
bitter substances

Strong subjectivity, ‘The bitterness

easy fatigue, poor characteristics
repeatability, and obtained by “local
limitations for toxic stimulation” are
substances; the limited

requirements for taste
sensitivity of the
evaluators are highs it is
time-consuming and
laborious; the number
of samples for a single
test is small and the
operation is
cumbersome, so it is
not suitable for rapid
taste evaluation of a
large number of
samples

It can objectively
collect the taste data
information of bitter
substances; it i asy to
operate, has low cost,
has high sensitivity,
and has a low
detection threshol
exhibits good
repeatability and does
not need ethical
approval

‘The resuls are not
intuitive enough, and
further processing and
analysis is needed
through model
algorithms; the sensor
richness and detection
limits need to be
improved

Facial
expression
analysis

It can be used for people
who cannot express
their evaluations
through language

It is susceptible to
factors such as
occlusion, illumination,
and local changes in
subtle expressions

Animal
behavior test

The taste of the sample
can be judged by the
‘number of animal
intakes of the
experimental sample or
some escape reactions,
such as shaking of the
head or agitation;
results are relatively
intuitive

‘The properties of the
test samples cannot be
obtained; can only be
used as a supplement to
the taste evaluation of
the population;
generally applicable for
comparisons of
bitterness intensity
between compounds
with known bitterness

Cell-based
assessment
methods

It is helpful for
understanding the
mechanism and
characteristics of bitter
substances

Limited access to
information; easy to be
affected by the fluorescent
cells; pseudo-flavor cells,
resulting in negative results
or over-interpretation
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Quantitative gLMS score  Rank Standard Ratio of Molecular Equivalent
description bitterness apparent bitterness bitterness molecular
analysis intensity bitterness bitterness
Abbreviation | QDA gLMS RB SAB ROB MB/MBI (Index) | EMB/EMBI
(Index)
Reference Each has different General Five specific Five specific 005 mg-mL-1 | Bitterness Bitterness
Psychophysical concentrations of  concentrations of | BBR (SAB=3, | threshold threshold
Scale BBR (across low/  BBR (across low/ | medium concentration concentration
medium/high medium/high bitterness) (9.947 x 10°° M/L, | (9947 x 10 MIL,
bitterness) bitterness) very low bitterness) | very low bitterness)
of BBR of BBR
Relationship | Related (Logarithm/  Related Related Related Independence Independence Independence
with Weibull) (Logarithm/ (Logarithm/ (Logarithm/
concentration Weibull) Weibull) Weibull)
Data Relative value Absolute value Absolute value Relative value Absolute value | Absolute value Absolute value
characteristics
Advantages | Most of the bitter The evaluation The same ‘The same It has nothing to | The same as “ROB” | It has nothing to do
substance solution can | process is simple, | as “QDA” as “QDA” do with the with the
be measured; suitable and suitability is concentration; it concentration; it
for monomer, the same as “QDA” can be directly can be directly used
decoction pieces, and used to compare to compare the
compound decoctions the intensity of intensity of
bitterness; suitable bitterness; it is
for bitter suitable for the
‘monomer bitterness of
compounds decoction pieces,
and compound
decoctions
Disadvantages | Affected by the Affected by the ~ Affected by the | The same as “RB” | It is not suitable  Applicable to the |~ Applicable to the
evaluator’s own evaluator’s own  evaluator’s own for the evaluation bitterness bitterness
factors; affected by factors; affected by  factors; affected by of low bitterness  evaluation of bitter | evaluation of bitter
factors such as the the concentration  factors such as the level at high monomers; decoction pieces; it
concentration of bitter | of bitter concentration of concentration bitterness is suitable for the
substances and the substances, bitter substances prediction suitable | bitterness
determination determination and the for low bitterness | prediction of low
temperature; the test | temperature and | determination of multiple bitterness aqueous
methods of each other factors; the  temperature; the monomers solutions of
research institutionare | test methods of test methods of compound
different; it is difficult | each research each research decoction pieces
to make a direct institution are institution are
horizontal comparison | different different; it is
of the values due to the difficult to make a
different participating direct horizontal
carriers comparison of the
values due to the
different
participating
carriers
Applicable Itis widely used to | Itis widely used to | Bitterness Bitterness Evaluation and | Evaluation and Evaluation and
conditions evaluate the bitterness | evaluate the evaluation of most | evaluation of most | comparison of | comparison of MB | comparison of MB

of most bitter
substance solutions.

bitterness of most
bitter substance
solutions

bitter substance
solutions;
prediction of
bitterness under
different
concentrations of
the same carrier

bitter substance
solutions;
prediction of
bitterness under
different
concentrations of
the same carrier; it
can directly
compare and
predict the low,
medium, and high
bitterness of the
carrier; prediction
of bitterness under
different
concentrations of
the same carrier

ROB bitterness of
bitter monomer
compounds;
bitterness
prediction of
medium
bitterness aqueous.
solutions

bitterness of bitter
monomer
compounds;
bitterness
prediction of low
bitterness solutions

bitterness of bitter
decoction pieces;
bitterness
prediction of low
bitterness
compound
solutions
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RB Corre: g scale Conc. Of reference samples SRB
Imperceptible 1 (05, 15) \ 0 mg/mL (0 mM) 1
Slight I [15,25) ‘ 001 mg/mL (0.027 mM) 2
Moderate T [25,35) ‘ 005 mg/mL (0.134 mM) B
High (but still acceptable) v [35,45) ‘ 0.1 mg/mL (0.269 mM) 4
Extreme (almost unacceptable) v [45,55] ‘ 0.5 mg/mL (1.344 mM) s
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Method

Dynam

rang

Ref

High-performance liquid chromatography 25-25.0 pg/ml 80 pg/ml Gupta et al. (2005)
Spectrophotometric 5.0-50.0 pg/ml 2,108 pg/ml Amila Jeewantha et al. (2017)
Liquid chromatography-tandem mass spectrometry 25-2500 ng/ml 25 ng/ml Jin et al. (2021)
High-performance liquid chromatography-UV detection 05-5.0 mg/L .15 mg/L Kiani et al. (2018)
Voltammetry 01-2pM 7.0 M Yong et al. (2004)
Voltammetry 05-5.0 M 26 4M Zhang et al. (2016b)
Voltammetry 2-50.0 nM. 08 nM Saify Nabiabad and Amini, (2020)
Amperometry 20-1pM L1nM Babkina and Ulakhovich, (2011)
Voltammetry 01-400.0 pM. 21 M and 239 nM This work
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Species Species tolerant limits

(Winterference/W vincristine)

K*, Na', Lit, F7, Ca** 1,000

Alanine, Glycine, valine, 800
Dopamin, Uric acid, Ascorbic acid
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Sample Added (uMm) Found I Recovery (%)
Vincristine injection 36 50 8821 1023
100 137 £27 1007
Human Blood Serum ND 100 9936 99.0
150 15519 1033
Urine ND® 200 20123 1005
2.0 249229 9.6

*Mean + standard deviation for n = 5.

bNot detected.
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Glossary

AMAH

co

CORESTA

CRM

CSR

DIY

DNPH

DTL

ENDS

ETS

FDA US

FID

GCxGC

GC-MS

FT-ICR-MS

HCI

HPHC

HPLC-DAD

HPLC-MS/MS

HPLC-UV

HTP

IS0

IARC

IR

ISO

IS0

LOD

MEV

NaOH

PG

rtCRDS

SD

PFBHA

THF

TOEMS

uv

UHPLC-MS/
MS

UHPLC-UV

VG

WHO

4-(2-aminooxyethyl)-morpholin-4-ium chloride
Carbon Monoxide

Cooperation Centre for Scientific Research Relative to Tobacco
CORESTA Recommended Method

cigarette-smoking robot

Do It Yourself

24-Dinitrophenylhydrazine

Direct To Lung

Electronic Cigarette

Electronic Nicotine Delivery Systems

Environmental tobacco smoke

Food and Drug Administration

Flame lonization Detection

Gas Chromatography x Gas Chromatography

Gas Chromatography-Mass Spectrometry

Fourier transformation cyclotron resonance mass spectrometry
Health Canada Intense

Hazardous and Potentially Hazardous Compounds

High-Performance Liquid Chromatography Diode Array Detector

High-Performance Liquid Chromatography Ultraviolet
Heated Tobacco Products

20778:2018 CORESTA FTC puffing regime (2 s puff 60 s inter-puff
35 mL puff volume)

International Agency for Research on Cancer
infrared spectroscopy

20778:2018 HCI puffing regime (2 s puff 30 s inter-puff 55 mL puff
volume)

International Organization for Standardization
Limit Of Detection

Limit Of Quantitation

mass of e-liquid vaporized

Sodium hydroxide

Propylene Glycol

runtime cavity ringdown spectroscopy
Standard Deviation
0-(2,3,456-Pentafluorobenzyl)hydroxylamine
Tetrahydrofuran

Time of Flight Mass Spectrometry
Ultraviolet

Ultra-High-Performance Liquid Chromatography Mass
Spectrometry

Ultra-High-Performance Liquid Chromatography Ultraviolet
Vegetable Glycerin or Glycerol

World Health Organization
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Provided sufficient information to
reproduce results?

Adequate Adequate Blanks Score and
Puffing regime Analytical Comments
methods

Conklin et al v

El Mubarak et al v v v v
Lee et al Computerize system. ? v x
Q NOT disclosed.
Stephens et al Q NOT disclosed v v x 25 Partially Reliable
Gillman et al v v v x
Nicol et al v v v v
Talih et al v Unrealistic puffing v x 25 Partially Reliable
regime
Rajapaksha et al ) v v x 25 Partially Reliable

Some results not quantifiable

Son et al ar2) 2) v Vv 2.0 Partially Reliable
Q of sub-ohm coil not disclosed

El-Hellani et al “do-it-yourself” e-liquids, Unrealistic puffing v x
W not disclosed regime
Lalonde et al v v v x
McGuigan et al Devices not disclosed ? v v 20 Partially Reliable
Pinto et al v v N ‘ v
Talih et al v v v x
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First author

Conklin et al

El Mubarak et al

Lee et al
Stephens et al

Gillman et al

Nicol et al

Talih et al

Rajapaksha et al

Son et al

Method valida

p-values calculated based on Oneway ANOVA with Tukey adjustment

LOD was calculated based on the signal-to-noise ratios of 3
LOQ was calculated using a signal-to-noise ratio of 10

‘The precision of the analytical method was calculated and reported as the mean value +SD.
FDA guidelines for bioanalytical method validation

LOD was calculated based on the signal-to-noise ratios of 3
LOQ was calculated using a signal-to-noise ratio of 10

LOD was caleulated based on the signal-to-noise ratios of 3
LOQ was calculated using a signal-to-noise ratio of 10

p-values calculated based on Oneway ANOVA with Tukey adjustment
Not provided

LOD was caleulated based on the signal-to-noise ratios of 3
LOQ was calculated using a signal-to-noise ratio of 10

El-Hellani et al
Lalonde et al
McGuigan et al

Pinto et al

Talih et al

‘The precision of the analytical method was calculated and reported as the mean value +SD.
‘The precision of the analytical method was calculated and reported as the mean value +SD.
‘The precision of the analytical method was calculated and reported as the mean value +SD.

LOD was calculated based on the signal-to-noise ratios of 3
LOQ was calculated using a signal-to-noise ratio of 10

“The precision of the analytical method was calculated and reported as the mean value +SD.

Blank analy:






OPS/images/fchem-12-1433626/fchem-12-1433626-t001.jpg
Funding

EC device

Coil and power

Puffing regime

Analytical
method

Derivatization
method

Conklin etal  Independent Vaping robot blu 180 4's puff GC-MS/FT-ICR-MS | AMAH solution
cartridges3R4F 91 mL puff volume,
2 puffs/min,
150 33082012
EI Mubarak Independent EC 070 30 puffs UHPLC-UV DNPH solution
etal Nautilus 37V, 19W 3 inter-puff
Lee et al Independent Not specified Not specified 10,20, 30 s puff HPLC-UV DNPH solution
10 inter-puff
Stephens etal  Independent Kanger-tech CE4,EVOD | 1.5 Q CRM 81 CRM 74 DNPH solution
150, 150 21160:2018
20768:2018
Gillman etal  Enthalpy Innokin iSub 120 CRM 81 CRM 74 DNPH solution
Analytical 150 207682018 150 21160:2018
Nicol et al Industry Vype ePen Not specified CRM 81 GS-Ms PFBHA solution
BAT 150,
20768:2018
150 207782018
Talih et al Independent Juul 170 4's puff, 10 s inter-puff | HPLC-UV. DNPH-cartridges
180 1 L/min
Rajapaksha etal | Independent Juul 170 CRM 81 HCRDS No derivatization
180 150,
20768:2018
Son et al Independent ReuLeaux RX200 50 W, coil resistance not 4 s puff HPLC-UV DNPH solution
Aspire Cleito atomizer | specified 100 mL puff volume,
30's inter-puff
El-Hellani et al | Independent Kangertech Subox Mini | Not specified 45 puff, HPLC-UV DNPH-cartridges
10’5 inter-puff 8 L/min
Lalonde etal  Industry Juul 180 CRM 81 UHPLC-MS/MS DNPH solution
Juul Labs 150,
20768:2018
McGuigan et al | Independent Customized vaping Not specified CRM 81 HPLC-MS/MS PEBHA solution
machine 150,
20768:2018
Pinto et al Industry Vype ePodL.0, IR6F Not specified CRM 81 GC-MS DNPH-cartridges
BAT 150,
20768:2018
‘Talih et al Independent Juul and 5 disposables | 1.64-1.9 O 15 puff HPLC-UV DNPH-cartridges
45 puff

1 L/min
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Analytes Sample Extraction con Detection ComplexGAPI Ref

Catechins Tea SLE UHPLC-UV Bajkacz

etal. (2020)
Sample amount: 150 mg

DES: Malic acid-Girard’s reagent T 2:1,
30% water; 1.5 mL

Time: 50 min

Temperature: 50 ‘C

Gomez
etal. (2016)

Quercetin Onion UAE CSPE.
Sample amount: 50 mg

DES: Citric acid-glucose-water 1:1:
2 1mL

Time: 30 min

Alaién
etal. (2020)

Phenolic compounds Olive leaf MAE HPLC-DAD-ESI-
TOF-MS
Sample amount: 200 mg

DES: Choline chloride-ethylene glycol
1:2, 43.3% water; 1.5 mL

Time: 16.7 min

Temperature: 79.6'C

Quercetin and myricetin | Ginkgo biloba | HRE HPLC-PDA
leaves

Tang et al.
(2017)
Sample amount: 1 g

DES: Choline chloride-oxalic
acid-ethylene glycol 1:1:3, 50% water;
10 mL

‘Temperature: 60 ‘C

Time: 30 min
0.06+00

Quercetin, naringenin, | Pollen Typhae | UAE HPLC-UV
kaempferol, isorhamnetin

Meng et al.
(2018)
Sample amount: 50 mg

DES: Choline chloride-12-propanediol
1:4, 30% water; 1 mL

Time: 35 min

Polyphenolic compounds | Norway Shaking-assisted LC-ESI-QTOE-MS ‘This work

spruce roots
Sample amount: 30 mg

DES: Choline chloride-fructose 1:2,
30% water; 300 g

Temperature: 10°C

Time: 30 min

SLE, Solid-liquid extraction; UAE, Ultrasound-assisted extraction; MAE, Microwave-assisted extraction; HRE, heat reflux extraction; CSPE, Carbon screen-printed electrode; UHPLC-UV,

ultra-high-performance liquid chromatography with ultraviolet detector; HPLC-DAD-ESI-TOF-MS, High-performance liquid chromatography with photodiode array detector with
electrospray quadrupole time-of-flight tandem mass spectrometry; HPLC-PDA, High-performance liquid chromatography with photodiode array detector; HPLC-UV, high-performance
Bowid chromasagssphy: with an: ulteaviober debector: TE-ES1-0TOF- M3, Basd chromatoprapliy soviied with dectsiarar soaizstion snadonpol timeobfl
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Compound

Added, ug/g

Inter-day

Found, pg/g

Intra-day

Found, pg/g

Procyanidin BI 0 842£0.1 02 840+ 28 33
5 898+ 19 17 | 21 88.7 %22 940 25

Epicatechin 0 275 £0.10 36 271£02 73
5 812 £ 007 107 | 08 827 £ 050 11 | 59

Catechin 0 60.8 +03 04 59.8+ 2.1 36
5 649 £ 08 828 12 653+ 28 110 42

4-Coumaric acid 0 323 £005 [ 16 3224042 13
5 823+ 001 100 01 846 + 045 105 53

Taxifolin [ 0 029 +0.03 | 99 035 £ 0.05 12
5 528 +0.03 99.8 05 5.40 + 049 101 9.1

Piceatannol 0 0.19 £ 0.01 77 021 £ 0.03 14
5 5.68 + 0.01 110 03 5.23 £ 043 100 83

Isorhapontin 0 897 +3 | 03 8953 01
5 901 £ 1 80.0 01 900 + 1 100 01

Epigallocatechin [ 0 277 £0.12 | 45 2714014 | 53
‘ 5 7.04 £ 0.08 85.1 11 7.54 £ 044 [ 96.6 | 58

R, recovery; RSD, relative standard deviation.
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