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SUMMARY: 
This study developed a high-performance liquid chromatography coupled with triple quadrupole mass spectrometry (HPLC-QQQ-MS) method to identify and quantify tropane alkaloids (hyoscyamine, anisodamine, scopolamine) in Anisodus tanguticus. The method proved rapid, accurate, and reliable for high-throughput analysis of medicinal plants.

ABSTRACT: 
Anisodus tanguticus is an important Tibetan medicinal plant. The tropane alkaloids (TAs), such as hyoscyamine, anisodamine, and scopolamine, exhibit significant analgesic and sedative pharmacological activities, making this species a valuable natural source for extracting these bioactive compounds. However, the chemical composition of A. tanguticus is highly complex. It includes a large number of compounds without elucidated structures, rendering systematic identification and structural characterization of its active constituents particularly important. Although high-performance liquid chromatography (HPLC) has been widely used for the separation of extracts from this plant, many unknown components remain challenging to accurately identify, even with spectral database matching.

This study established an analytical method based on high-performance liquid chromatography coupled with triple quadrupole mass spectrometry (HPLC-QQQ-MS) for the determination of tropane alkaloids in A. tanguticus. The method encompasses a series of systematic procedures, including standardized sample preparation, mass spectrometric parameter configuration, LC pre-equilibration, method establishment, acquisition of MS data, multistage mass spectrometry (MSⁿ) scanning, and manual data interpretation. Using this strategy, we successfully identified three representative tropane alkaloids in A. tanguticus: hyoscyamine, anisodamine, and scopolamine. Additionally, it validates the precision of the established HPLC-QQQ-MS method, confirming that the method is rapid, sensitive, feasible, and accurate for the quantitative determination of tropane alkaloids (TAs) in A. tanguticus. The established approach demonstrates good versatility and reliability, and is suitable for the high-throughput identification and quantification of tropane alkaloids in A. tanguticus and other medicinal plants.

INTRODUCTION: 
The therapeutic efficacy of traditional Chinese medicine (TCM) largely depends on its secondary metabolites, such as alkaloids, flavonoids, terpenoids, and other active constituents1–3. Consequently, the precise and sensitive qualitative and quantitative analysis of specific target metabolites in these complex mixtures is a key step in ensuring the quality of TCM, elucidating the material basis of its efficacy, and advancing modern research3. However, the diversity and complexity of TCM components, coupled with the extremely low concentrations of many key active ingredients, present considerable challenges for achieving efficient and accurate detection.

Anisodus tanguticus (Maxim.) Pascher represents a major botanical source of tropane alkaloids (TAs)4, known for its rich content of pharmacologically active tropane-type compounds5. Key characteristic alkaloids include anisodamine, scopolamine, and hyoscyamine, which share a common tropane core but exhibit distinct functional group substitutions (Figure 1), leading to divergent pharmacological profiles6–8. While their structural similarities complicate chromatographic resolution, they also offer a valuable model for comparative phytochemical and metabolic investigations. Recent studies have investigated the chemical composition and geographical variations of A. tanguticus using metabolomics and network pharmacology approaches9,10. Current analytical approaches for A. tanguticus metabolites predominantly rely on high-performance liquid chromatography (HPLC)11. Nevertheless, tropane alkaloid levels in seedling-stage A. tanguticus can be as low as 0.01% (one part per ten thousand), and conventional HPLC methods are often constrained by limited resolution, sensitivity, and analytical throughput. These limitations impede the complete separation of structurally analogous alkaloid homologs and hinder the detection of trace constituents, thereby compromising analytical accuracy and limiting support for more advanced research applications. In recent years, advancements in HPLC coupled with tandem mass spectrometry have provided powerful tools to address these analytical bottlenecks. High-performance liquid chromatography-triple quadrupole mass spectrometry (HPLC-QQQ-MS), in particular, offers markedly enhanced chromatographic resolution, separation efficiency, and exceptional sensitivity12–14. This technology has emerged as a state-of-the-art platform for the investigation of secondary metabolites in TCM, enabling efficient and accurate qualification and quantification of trace target analytes within intricate biological matrices11,15–17. As such, it provides a robust technical foundation for comprehensive chemical profiling and quality assessment of medicinal plants like A. tanguticus. In this study, we address the persistent challenges in detecting tropane alkaloids in A. tanguticus, with emphasis on the accurate identification and quantification of trace-level constituents. By systematically optimizing chromatographic and mass spectrometric conditions, we developed and validated a novel HPLC-QQQ-MS method for the simultaneous determination of multiple major tropane alkaloids. The optimized approach significantly enhances sensitivity, selectivity, and methodological robustness, thereby overcoming common limitations associated with conventional mass spectrometry-based assays-such as inadequate sensitivity, matrix effects, and co-elution interference-often encountered during the analysis of trace alkaloid compounds.

PROTOCOL: 

1. Sample preparation

1.1. Preparation of standard solutions

1.1.1. Accurately weigh 10.0 mg each of hyoscyamine, anisodamine hydrobromide, and scopolamine hydrobromide reference standards using a one-ten-thousandth analytical balance, and place them into separate 10 mL volumetric flasks, respectively. 

1.1.2. Add chromatographic-grade methanol to the marked line, and thoroughly dissolve the standards using ultrasonic treatment to prepare single standard stock solutions with a concentration of 1.0 mg/mL. 

1.1.3. Transfer the stock solutions to brown reagent bottles, store them at 4 °C in the dark.

NOTE: The alkaloids used are highly toxic. Take safety precautions when handling the standard samples. All solutions were prepared freshly prior to analysis and stored at 4 °C in the dark to avoid degradation.

1.2. Preparation of mixed working solutions

1.2.1. Pipette 100 μL of each aforementioned stock solution into a 10 mL volumetric flask, and dilute to the marked line with chromatographic-grade methanol to prepare a mixed standard intermediate solution of 10 μg/mL. 

1.2.2. [bookmark: _GoBack]According to the linear range requirements, further dilute the intermediate solution stepwise with methanol to obtain a series of mixed working solutions. 

1.2.3. Take 50 µL, 200 µL, and 500 µL, respectively. Obtain concentrations of 0.5 μg/mL, 2 μg/mL, 5 μg/mL, and 10 μg/mL. Prepare fresh before use. 

1.2.4. Transfer 100 μL of the 10 μg/mL intermediate solution into a 1 mL volumetric flask to prepare a 1 μg/mL dilute solution. 

1.2.5. Then, transfer 100 μL of the 1 μg/mL solution into another 1 mL volumetric flask and dilute it to the volume with methanol.

1.3. Sample pretreatment

1.3.1. Carry out freeze-drying of fresh materials of Sophora flavescens and subsequently pulverize into a homogeneous powder using a high-speed grinder. 

1.3.2. Sieve the powder through a 0.25 mm standard test sieve. Accurately weigh 20 mg of this powder, transfer it into a 100 mL volumetric flask, and add chromatographic-grade methanol to nearly the marked line. 

1.3.3. Perform ultrasonic extraction at room temperature for 30 min. After extraction, take out the volumetric flask, allow it to cool to 25 °C at room temperature, replenish chromatographic-grade methanol to the 100 mL marked line, and vortex mix for 2 min. 

1.3.4. Pipette 1 mL of the above extract into a 100 mL volumetric flask, and dilute to the marked line with methanol (100-fold dilution). After shaking well, it serves as the mother solution for HPLC injection (Figure 2).

NOTE: When operating the high-speed grinding machine, it is essential to wear protective goggles and a dust mask; control the grinding amount and duration to prevent overheating.

1.4. Sample filtration and storage

1.4.1. Prepare a 1 mL disposable needle-free syringe (chromatography-specialized, non-adsorptive) and a 0.22 μm organic phase microporous membrane. 

1.4.2. Aspirate 1.2 mL of the mother solution for injection, and push slowly for filtration. 

1.4.3. Collect the subsequent filtrate into a 2 mL sample vial with an inner insert, and seal tightly with a cap.

NOTE: The frequency of the ultrasonic cleaner is fixed at 40 kHz. Avoid loosening of the volumetric flask cap during extraction to prevent solvent volatilization. Adjust the dilution factor according to the sample peak response in the pre-experiment to ensure the target peak area falls within the linear range of the standard curve. All samples must be immediately stored in a refrigerator at 4 °C. 
 
2. HPLC prerun, method establishment, and MS acquisition

2.1. Preparation of mobile phases

2.1.1. Prepare mobile phase A: Measure 1000 mL of ultrapure water, add 1.0 mL of chromatographic-grade formic acid (volume fraction: 0.1% v/v), and mix uniformly using a magnetic stirrer for 10 min. 

2.1.2. Prepare mobile phase B: Use chromatographic-grade methanol directly without additional treatment.

2.1.3. Pour mobile phases A and B into ultrasonic degassing devices, respectively, and perform ultrasonic degassing at 40 kHz for 15 min. 

2.1.4. Immediately transfer the degassed mobile phases to solvent bottles after degassing, seal them, and connect them to the corresponding A and B solvent lines of the HPLC system.

NOTE: All solvents are of chromatographic grade and must be filtered through a 0.45 μm organic phase microporous membrane before use. Monitor the system pressure regularly. If the pressure fluctuation exceeds ±5%, check for potential column clogging or air bubbles in the pipeline.

2.2. Setting of HPLC conditions

2.2.1. Use a C₁₈ column (2.1 mm × 100 mm, 2.7 μm) for chromatographic separation. Equilibrate the column with methanol:water = 80:20 (v/v) for 30 min before use, with a flow rate of 0.3 mL/min during equilibration. Set the column oven temperature to 30 °C, and start preheating 10 min in advance. 

2.2.2. Optimize a gradient elution program as follows: 0–10.0 min, 5% to 10% B; 10.0–15.0 min, 10% to 35% B; 15.0–20.0 min, 35% to 60% B; 20.0–25.0 min, 60% to 95% B. Set the flow rate to 0.60 mL/min, the injection volume to 2 μL, and detection wavelength to 210 nm.

2.3. Mass spectrometric conditions

2.3.1. Perform mass spectrometric (MS) detection using a triple quadrupole (QQQ) mass spectrometer equipped with an electrospray ionization (ESI) source operating in positive ionization mode (ESI+).

2.3.2. Set the operation parameters as follows: nebulizer pressure: 15 psi; capillary voltage: 4000 V; gas temperature: 300 °C;  and gas flow: 11 L/min.

2.3.3. Systematically optimize the MS/MS parameters for each analyte. 

2.3.3.1. First, identify precursor ions by directly infusing individual standard solutions in MS2 SCAN mode. 

2.3.3.2. Optimize the Fragmentor voltage for each precursor ion to maximum signal intensity using MS2 SIM mode. 

2.3.3.3. Subsequently, employ the Product Ion Scan mode to determine the characteristic product ions. Systematically optimize the Collision Energy (CE) for the precursor ion to maximize the product-ion signal intensity. 

2.3.3.4. Select the most intense product ion for quantification, and use the second-most-intense ion for qualitative confirmation.

NOTE: Identify precursor ions via direct infusion of individual standard solutions in MS2 SCAN mode. Ensure standard solution concentration is appropriate to avoid signal saturation. Calibrate the instrument regularly to avoid parameter drift.

2.4. Method validation

2.4.1. Specificity

2.4.1.1. Inject blank solvent (methanol), mixed standard working solution, and sample extract separately, and compare the chromatograms. 

2.4.1.2. Ensure the following requirements are met: No interfering peaks in the blank solvent; the retention time of target components in the sample is consistent with that of the standard (deviation ≤ ±0.1 min); the peak area ratio of quantifier ion to qualifier ion conforms to that of the standard (deviation ≤ ±10%).

2.4.2. Linearity

2.4.2.1. Inject the series of mixed working solutions prepared in step 1.1 (0.1, 0.5, 2, 5, 10 μg/mL) sequentially under the aforementioned HPLC-MS conditions, with 3 injections per concentration. 

2.4.2.2. Plot the standard curve with the concentration (x, μg/mL) of each component as the abscissa and the average peak area (y) of the quantifier ion as the ordinate. Perform linear regression analysis, requiring a correlation coefficient (R²) ≥ 0.995.

2.4.3. Precision and accuracy

2.4.3.1. [bookmark: _Hlk222352557]Intraday precision (repeatability): Analyze 6 replicates of quality control (QC) samples at three concentration levels (2 μg/mL, 5 μg/mL, and 10 μg/mL) within one day, and calculate the relative standard deviation (RSD%). 

2.4.3.2. Interday precision (intermediate precision): Independently prepare QC samples from the same batch of dried plant raw material and analyze them by different operators on three consecutive days. and calculate RSD%. Ensure RSD% ≤ 10% for both.

2.4.3.3. Evaluate accuracy using a spike-recovery test, and express as a recovery rate (%). Ensure the average recovery rate of low, medium, and high concentrations ranges from 85% to 115%, with RSD% ≤ 5%.

NOTE: The linear range must cover the expected concentration range of target components in actual samples (including low, medium, and high levels) to reflect practical applicability. All validation experiments were performed in triplicate, and the results were expressed as the average value.

3. Data acquisition

3.1. Perform data acquisition in multiple reaction monitoring (MRM) mode. Refer to Table 1 for the optimized MRM parameters-including precursor ion, product ion transitions, fragmentor voltage, and collision energy (CE)-for each analyte. 

3.2. Calculate the dwell time to ensure an adequate number of data points across each chromatographic peak for each transition while maintaining an appropriate cycle time.

4. Data analysis

4.1. Launch the qualitative analysis software, click File > Import Data, and import all collected data files (.d format). 

4.2. Extraction of extracted ion chromatograms (EICs): In the Quantitation module, select MRM Transition, input the precursor ion-product ion pairs of each component, and extract the corresponding EICs. 

4.3. Peak validation and integration: Check the peak symmetry and retention time consistency (deviation ≤ ±0.1 min compared with the standard) of the target peaks in each EIC. 

4.4. The software performs automatic integration by default; if baseline drift or interfering peaks exist, manually adjust the integration parameters (integration start and end points) to ensure accurate integration. 

4.5. Calculate the concentration of each component in unknown samples using the standard curve. Click Report > Generate Report, select Excel format to export the report. The report includes the compound name, retention time, peak area, concentration, RSD%, etc.

REPRESENTATIVE RESULTS: 
HPLC-QQQ-MS chromatographic separation and identification of TAs
A typical MRM chromatogram obtained from the analysis of a standard mixture and an A.tanguticus root extract is presented in Figure 3 and Figure 4. Under the optimized HPLC conditions, all three target tropane alkaloids: hyoscyamine, anisodamine, and scopolamine, were successfully separated within 20 min, demonstrating the high efficiency of the developed method. The resolution (Rs) between scopolamine and anisodamine was determined to be 8.67, while that between anisodamine and hyoscyamine reached 11.58. All resolution values significantly exceeded the baseline separation criterion of 1.5, indicating the absence of chromatographic interference and confirming the method's suitability for accurate quantitative analysis. All compounds exhibited sharp and symmetrical peak shapes, demonstrating superior chromatographic performance with minimal matrix interference. The identification of each TA was unequivocally confirmed based on two criteria: (1) the retention time matching that of the authentic standard (within ±0.1 min), and (2) the presence of at least two specific MRM transitions (quantifier and qualifier ions).

Analytical performance of the method
[bookmark: _Hlk222398259]The developed HPLC‑QQQ‑MS method exhibited excellent analytical performance for the quantification of tropane alkaloids. All analytes showed good linearity over a wide concentration range of 0.014–0.320 μg/mL with correlation coefficients (R²) greater than 0.99 (Table 2). The residuals between calculated and theoretical values were randomly distributed around zero with no obvious systematic deviation, confirming the good fitness of the linear regression model.

The precision and accuracy of the method were thoroughly validated. The relative standard deviation (RSD%) was below 5% for all samples. A mixed reference solution was analyzed six times within one day and on three consecutive days under the established chromatographic conditions. The intra-day RSDs of scopolamine, anisodamine, and hyoscyamine were 0.73%, 1.69% and 2.29%, respectively, whereas the inter-day RSDs were 1.70%, 1.39% and 1.70%. These results demonstrate satisfactory instrument precision. 

The accuracy, determined by spike recovery experiments at low, medium, and high concentration levels, yielded recoveries between 95% and 10 5% with RSDs < 5% (Table 3). The mean recoveries were 101.44% for scopolamine, 100.25% for anisodamine, and 99.56% for hyoscyamine, with RSDs of 1.85%, 2.35%, and 1.90%, respectively, demonstrating satisfactory accuracy of the method. The obtained recoveries and RSD values in this study are within the commonly accepted range for the quantitative analysis of plant alkaloids and meet the general requirements for reliability and accuracy of analytical methods. These results confirm that the method is highly reliable, reproducible, and accurate for the simultaneous quantification of multiple TAs in complex plant matrices.

Application to real samples: Quantification of TAs in A.tanguticus
The validated HPLC-QQQ-MS method was successfully applied to quantify three tropane alkaloids (scopolamine, anisodamine, and hyoscyamine; Figure 5) in ten A.tanguticus samples collected from Aba County, Sichuan Province, and the representative quantitative results are summarized in Table 4.

As shown in Table 4, the three alkaloids exhibited distinct accumulation patterns. Scopolamine had a content range of 0.3667–1.0356 mg/g, with the highest level detected in Sample 7 (1.0356 mg/g) and the lowest in Sample 6 (0.3667 mg/g). Anisodamine showed relatively lower accumulation, ranging from 0.0269 mg/g (Sample 6) to 0.3590 mg/g (Sample 10). Hyoscyamine presented significant content variation among samples, spanning from 0.2930 mg/g (Sample 2) to 1.4989 mg/g (Sample 10), and notably higher levels were observed in Samples 4, 7, 9, and 10. In summary, both inter-alkaloid differences and intra-alkaloid variations among individual samples were observed, which may be associated with factors such as tissue specificity, growth conditions, or metabolic regulation in A. tanguticus.

FIGURE AND TABLE LEGENDS: 
Figure 1: The structural formula of the key tropinane alkaloid in A. tanguticus.

Figure 2: Sample pretreatment and detection procedure for HPLC-QQQ-MS analysis of Anisodus tanguticus. (A) Anisodus tanguticus plant dried to constant weight. (B) Root powder of A. tanguticus sieved through a 0.25 mm sieve. (C) Replenishing the solvent to the mark of the volumetric flask after cooling. (D) Sample filtration. (E) HPLC-QQQ-MS detection system.

Figure 3: Chromatogram of TAs standards. (A) HPLC-MS/MS chromatogram of scopolamine standard, with a retention time of 14.256 min. (B) HPLC-MS/MS chromatogram of anisodamine standard, with a retention time of 15.229 min. (C) HPLC-MS/MS chromatogram of hyoscyamine standard, with a retention time of 16.431 min. 

Figure 4: MRM chromatograms of three target analytes in ESI positive ion mode. (A) The chromatographic peak of the standard. (B) The chromatographic peak of the sample. (1. Scopolamine 2. Anisodamine 3. Hyoscyamine).

Figure 5: Calibration curves of three tropane alkaloids (scopolamine, anisodamine, and hyoscyamine).

Table 1: Analysis of mass spectrometry parameters and retention times of three TAs in A.tanguticus by HPLC-QQQ-MS.

Table 2: Calibration curves for the three tropane alkaloids. Regression equation: y = peak area, x = concentration of analyte (microgram/milliliter).

Table 3: Recovery Results of TAs in A.tanguticus (n=3).

Table 4: The content of alkaloids in A.tanguticus samples (milligram\gram).

DISCUSSION: 
With growing interest in plant secondary metabolites, analytical techniques for alkaloid detection have garnered significant attention. While a foundational chromatographic system for analyzing tropane alkaloids (TAs) has been established18, recent advances, such as the adoption of capillary electrophoresis (CE), enhanced instrumental performance in GC–MS and HPLC–MS, and the identification of novel structural compounds including convolvine and tropinone-like toxins underscore the need for a systematic review of current chromatographic methodologies for these alkaloids11,19–22. The analytical requirements for TAs vary by context: in plant tissue analysis (e.g., plant breeding, alkaloid biosynthesis, and extraction studies), methods must exhibit high selectivity and sensitivity to distinguish structurally similar secondary metabolites and detect trace components23,24. In pharmaceutical testing (e.g., drug quality control, clinical testing, and toxicological analysis), greater emphasis is placed on method reproducibility, automation capability, and sensitivity to handle complex biological samples and accurately quantify active ingredients, byproducts, and trace degradation products25,26.

However, conventional methods face inherent limitations in fully meeting these demands. HPLC struggles to resolve epimers and trace metabolites, often requiring specialized chiral columns or gradient elution, while ultraviolet detection typically offers quantitation limits only at the μg level27. GC often necessitates derivatization (e.g., silylation) to enhance volatility, introducing procedural complexity and potential quantitative bias, and is unsuitable for thermolabile compounds28. TLC is limited to qualitative screening with mg-level detection limits and lacks reliable quantitative capability29. Early single-stage mass spectrometry techniques (GC-MS, LC-MS) improved qualitative analysis but remained prone to background interference in complex matrices (e.g., crude plant extracts, biological fluids), resulting in low signal-to-noise ratios and unreliable detection below ng levels30,31. Moreover, matrix components such as polysaccharides and proteins in plant or biological samples are difficult to remove completely using liquid-liquid extraction or conventional solid-phase extraction, often leading to chromatographic co-elution and mass spectrometric ion suppression, further compromising quantitative accuracy for low-abundance analytes32.

In this context, the emergence of HPLC-QQQ-MS has provided a key solution to these challenges. Combining ultrahigh separation power, exceptional selectivity, and high sensitivity, this technology can become a core platform for the standardized identification of TAs in plants such as A.tanguticus. Its applications-including constructing characteristic chromatographic profiles, establishing multi-component simultaneous quantification standards, and assessing herb origin traceability and stability - provide a solid foundation for resource evaluation, safe medication use33, and standard setting (e.g., pharmacopeia monographs) related to TAs. Similarly, HPLC-QQQ-MS has also demonstrated advantages in rapid and accurate multi-component determination in traditional Chinese medicine and formulas34,35.

Specifically, the technical advantages of HPLC-QQQ-MS are manifested in several aspects. First, the multiple reaction monitoring (MRM) mode enables precise selection of parent ion–characteristic fragment ion transitions (e.g., m/z 290 to 124 for atropine, 304 to 138 m/z for scopolamine), simultaneous determination of TAs in A.tanguticus demonstrated recoveries of 97–104% with precision CV <5%. Second, a channel switching capability exceeding 850 transitions per second supports synchronous detection of multiple structural analogs, such as anisodamine, scopolamine, hyoscyamine, without repeated injections, while enabling confident distinction of isomers via retention time and characteristic fragment matching. Analysis of root, stem, and leaf samples of A.tanguticus demonstrated satisfactory chromatographic resolution (Rs > 1.5) for all target alkaloids, indicating that the method effectively mitigates interference from the complex mixture of secondary metabolites present in plant tissues. Third, the exceptional sensitivity and high selectivity of the proposed HPLC-QQQ-MS method eliminate the need for laborious concentration and enrichment steps typically associated with conventional HPLC. Samples only require methanol ultrasonic extraction, followed by supernatant collection and dilution, to achieve the quantitative analysis of target components. This Dilution detection workflow, validated by matrix-matched standards, removes derivatisation or solid-phase cleanup entirely and shortens the total analytical cycle by more than 50%. It should be noted that the sample must be precisely diluted and brought to the final volume in a volumetric flask; although this affords trace-level quantification of alkaloids thanks to the method's extremely high sensitivity, analysis of large-volume batches demands vigilant monitoring of instrument status to prevent flow-path clogging. Fourth, product ion scanning and neutral loss scanning modes leverage typical fragmentation patterns of the tropane ring to aid in structural elucidation of novel analogs, integrating targeted quantification and structural characterization36,37.

Despite these advantages, the application of HPLC-QQQ-MS faces three major challenges. First, matrix effects - ion suppression caused by co-eluting compounds in plant or biological samples - may introduce quantitative bias, necessitating selective clean-up (e.g., molecularly imprinted solid-phase extraction, MISPE), stable isotope-labeled internal standards, or matrix-matched calibration for compensation38. Second, method development complexity: MRM parameters (e.g., collision energy, dwell time) must be individually optimized for each class of compounds, and the accuracy of identifying novel TAs is limited without reference standards or high-resolution fragment databases39. Third, equipment and maintenance barriers: high instrument acquisition and operational costs, requirement for specialized maintenance, and stringent demands on sample cleanliness for the ion source limit its adoption in basic-level laboratories.
[bookmark: OLE_LINK4]
In conclusion, although challenges remain in handling extremely complex matrices, distinguishing highly similar isomers, identifying unknown components, and overcoming cost barriers, continued optimization of sample preparation, chromatographic and mass spectrometric conditions, along with integration of advanced technologies such as high-resolution mass spectrometry, will further solidify the leading role of HPLC-QQQ-MS in the standardization of TAs and other complex active components in traditional medicines. It is poised to provide strong support for advancing the modernization and internationalization of quality control in herbal medicine.

In this study, we established an HPLC-QQQ-MS method for the rapid, precise, and sensitive quantification of tropane alkaloids (TAs) in A.tanguticus. The method demonstrates excellent separation and detection capabilities, effectively overcoming interference from complex matrices in plant tissues. It provides a reliable technical approach for the quantitative analysis of bioactive components in this Tibetan medicinal material, thereby supporting quality control, pharmacological research, and the further development of A. tanguticus-based products.
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