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Introduction: Aloe vera is widely known for its therapeutic properties, but concerns regarding the levels of phytohormones and their potential impact on human health highlight the need for advanced analytical techniques. This study aims to develop and validate a sensitive method for the determination of six key phytohormones in Aloe vera using Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS).Methods: A validated LC-MS/MS method was optimized for the determination and quantification of six phytohormones in Aloe vera: Abscisic Acid (ABA), Salicylic Acid (SA), Indole-3-Acetic Acid (I3AA), Gibberellic Acid (GA), 6-Benzylaminopurine (6BAP), and Isopentenyladenine (ISA). The sample extraction process and mobile phase composition were optimized to enhance chromatographic separation and mass spectrometry sensitivity. A C-18 column was used for separation, and a triple quadrupole mass spectrometer was employed for quantification. The method’s performance was assessed in terms of linearity, sensitivity, and limits of detection.Results: The LC-MS/MS method exhibited excellent linearity (R2 > 0.99) and low limits of detection for all six phytohormones. Four of the six analytes were identified as predominant in Aloe vera. Quantitative analysis showed that ABA was the most abundant phytohormone, with a median concentration of 8.39 ng/mL, followed by I3AA (4.32 ng/mL), SA (3.16 ng/mL), and GA (1.55 ng/mL).Discussion: This study provides a comprehensive and validated LC-MS/MS method for profiling phytohormones in Aloe vera. The results underscore the significant role of ABA, I3AA, SA, and GA in the plant's hormonal profile, offering a valuable tool for the analysis of phytohormonal content in Aloe vera and other plant species. The method is particularly beneficial for addressing health-related concerns regarding the presence and concentration of phytohormones in Aloe vera.Keywords: LC-MS/MS, Aloe vera, phytohormones, liquid chromatography mass spectrometry, plant hormone, method validation
INTRODUCTION
Phytohormones are natural compounds that are found in trace levels in plants. Their presence is essential in maintaining plant growth and maturation, regulating the division of cells and the differentiation of tissues, as well as controlling plant behavior because of various stimuli (Bhatt et al., 2020; Zhao et al., 2021; Pal et al., 2023; Asif et al., 2022). Phytohormones are characterized by their diverse chemical properties, but they can be poorly stable upon exposure to light or heat (Jha et al., 2022). Based on their structures and physiological functions, phytohormones are classified into six main types, entailing Auxins (Indole derived), Cytokinins (Adenine derived), Abscisic Acid (Carotenoids derived), Gibberellin (Terpene derived), Ethylene (gas derived), and Brassinosteroids (Bhatt et al., 2020; Tariq et al., 2022; Bhattacharya, 2022). Within each category, there could be several compounds with similar physiological functions. For example, Indole-3-Acetic Acid (I3AA) and 2-Naphthalene Acetic Acid (2NAA) are auxins that promote plant development in different ways, with the former promoting growth through the excessive production of roots hairs and lateral roots (Zhang et al., 2022; Etesami and Glick, 2024), while the latter is involved in the vegetative propagation of cuts in the stems or leaves (Ashok and Ravivarman, 2020; Kaviani et al., 2023). Cytokinins such as Isopentenyl Adenine Indole and 6-Benzylaminopurine play a pivotal role in regulating myriad processes associated with plant development and the cell cycle (Mangena, 2022; Butt and Gul, 2023). In addition, Abscisic Acid is a key signaling molecule in responding to a range of stimuli, involving abiotic and biotic stresses (Bharath et al., 2021; Muhammad Aslam et al., 2022). Gibberellic Acid, on the other hand, is mainly involved in activating the developmental switches in the different stages of a plant’s life cycle (i.e., development from the vegetative phase to the reproductive phase) (Hernández-García et al., 2021; Katyayini et al., 2020). Moreover, Salicylic Acid not only contributes to the plant’s growth but is crucial in prompting certain responses associated with plant defense (Zhong et al., 2021; Arif et al., 2020).
Aloe vera, a perennial succulent plant renowned for its diverse therapeutic properties, has captured global attention and witnessed a surge in demand within the herbal products market. It is a widely used plant that belongs to the Liliaceae family. Due to its anti-inflammatory and antimicrobial properties, Aloe vera has been utilized in traditional medicine to heal skin injuries and digestive issues (Adlakha et al., 2022; Gulati et al., 2021). Moreover, recent studies suggest its potential as an antitumor agent, further expanding its therapeutic applications (Sinha et al., 2023; Ali et al., 2020). Such therapeutic properties have advocated its extensive integration in both the pharmaceutical and the food industry (Martínez-Sánchez et al., 2020). With over 500 species of the aloe genus, only 10 species are considered of medicinal value, among which Aloe barbadensis miller is considered the most biologically active species (Leitgeb et al., 2021; Bista et al., 2020; Palaniyappan et al., 2023). The widespread use of Aloe vera in various commercial products, including cosmetics, dietary supplements, and pharmaceuticals, underscores the need for a comprehensive understanding of its chemical composition. Aloe vera’s therapeutic potential is attributed to its rich chemical diversity, including polysaccharides, phenolic compounds, and bioactive molecules (Pradhan, 2023; Rajesh et al., 2023). The identification and quantification of phytohormones within Aloe vera are crucial for unraveling the intricate relationship between its chemical profile and therapeutic effects.
Phytohormones, while essential for plant physiology, have been shown to influence various physiological processes in mammals as well. For instance, compounds like salicylic acid, gibberellic acid, indole-3-acetic acid, and abscisic acid, which are found in Aloe vera, may interact with mammalian hormonal pathways, potentially affecting immune responses, metabolism, and even cancer progression (Choi and Chung, 2003; Maan et al., 2018). For instance, ABA has been shown to modulate glucose metabolism and exhibit anti-inflammatory properties, offering potential therapeutic implications for managing metabolic disorders (Gharib et al., 2024). Similarly, SA is widely recognized for its anti-inflammatory and immune-modulatory effects, which may contribute to human health when consumed through plant-based products (Thorat et al., 2023). However, excessive or imbalanced exposure to phytohormones, such as SA, could disrupt hormonal homeostasis or trigger adverse reactions, emphasizing the need for accurate and controlled quantification (Ali et al., 2024). I3AA, an auxin, has been investigated for its potential anticancer properties, with studies suggesting it may induce apoptosis in certain cancer cell lines (Phytohormones as Potential Anticancer Agents, 2024; Mukherjee et al., 2022). Meanwhile, GA has been reported to interact with mammalian signaling pathways, though its precise effects remain underexplored and warrant further investigation (Castro-Camba et al., 2022). This raises important questions about the safety and health consequences of phytohormones in Aloe vera when used in consumer products. Given the increasing incorporation of Aloe vera into products intended for human use, it is crucial to investigate its phytohormonal composition to understand the potential effects on human health. This study aims to fill this gap by systematically identifying and quantifying key phytohormones within Aloe vera, thereby providing a scientific foundation for evaluating its safety and efficacy. These findings can contribute to the development of regulatory standards and guidelines, ensuring the safety and effectiveness of Aloe vera products for consumers.
The determination of phytohormones is challenged by the extremely low concentration of these compounds in the plant tissues along with the varied concentration ranges among different plant species. Traditional methods for detecting phytohormones in plant extracts often fall short in terms of sensitivity, selectivity, and precision. In the early stage, bioassays and immunoassays were the common methods used for the determination of phytohormones (Wang et al., 2020; Jiang et al., 2020). However, these methods have been phased out due to their low sensitivity, specificity, and inability to simultaneously detect multiple plant hormones. For example, bioassays often lack the resolution required for distinguishing structurally similar compounds, while immunoassays are limited by cross-reactivity and low multiplexing capabilities. Similarly, HPLC-UV methods, while useful for single-analyte determination, fail to provide adequate sensitivity and selectivity for simultaneous analysis of diverse phytohormones in complex matrices. The inadequacies of these methods underscore the urgency of adopting advanced analytical techniques to provide more accurate and reliable results. Significant progress in the determination of phytohormones has been witnessed in the last decade due to the advancement in the field of chromatography and mass spectroscopy (Wang et al., 2020; Recent Advances in the Chromatographic). Specifically, the integration of Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) emerges as a cutting-edge solution, offering unparalleled capabilities in the identification and quantification of phytohormones (Wang et al., 2020; Bisht et al., 2021; Vaidya et al., 2023; Hakeem et al., 2024; Ashraf et al., 2024). LC-MS/MS surpasses traditional approaches by enabling simultaneous determination of multiple analytes with high sensitivity and specificity, even at trace levels. Furthermore, its ability to handle complex matrices makes it particularly suitable for studying the phytohormonal profile of Aloe vera, where bioactive compounds exist in minute concentrations alongside numerous interfering substances.
However, information about the levels of phytohormones in many other plant species including Aloe vera is still limited. This gap hinders the establishment of comprehensive regulatory frameworks for herbal products, prompting the need for rigorous scientific inquiry to bridge this knowledge gap. In this context, our research addresses these critical gaps by presenting an innovative and robust LC-MS/MS methodology to detect and quantify phytohormones in Aloe vera. The developed method evaluates phytohormone levels in Aloe vera, adding to existing knowledge about their concentrations in other plants. These results may also serve as reference values for decision-making about the use of Aloe vera in commercial products. This breakthrough promises to enhance consumer safety, refine regulatory standards, and contribute significantly to the scientific understanding of Aloe vera’s therapeutic composition.
METHOD AND MATERIALS
Chemical reagents and standards
Abscisic Acid (ABA) 98%, Gibberellic Acid (GA) 90%, Indole-3-Acetic Acid (I3AA) 100%, 6-BenzylAminoPurine (6BAP) 99%, Isopentenyl Adenine (ISA) 98.5%, 2-Naphthalene Acetic Acid (2NAA) 95%, Salicylic Acid (SA) 99%, and Salicylic Acid D4 (SA-D4) (internal standard) were purchased from Sigma Aldrich (USA). LC-MS grade methanol, formic acid and acetic acid (LC-MS grade) were obtained from Supelco (Germany), Fluka (Switzerland). Milli-Q-Water obtained from in-house (UAE university).
Preparation of standard solution
Individual phytohormone standards, each weighing approximately 5.00 g, were carefully measured and dissolved in 5.00 mL of LC-MS/MS grade methanol in a volumetric flask. This resulted in a stock solution with a concentration of 1.00 mg/ml. A blend of all individual standard stock solutions was prepared using a diluent consisting of a 50:50 methanol-water to prepare an intermediate solution. This intermediate solution was then used to generate calibration standard solutions, crucial for the linearity step during the analysis. The deliberate use of methanol as the solvent ensured optimal solubility and stability of the phytohormones in the solution. This not only laid the groundwork for a reliable standard against which samples could be measured but also upheld the integrity of the phytohormones throughout the analysis.
Sample preparation and extraction of phytohormones
The quantification of phytohormones in Aloe vera was conducted with a focus on ensuring accuracy and precision throughout the analytical protocol. To achieve this, 13 Aloe vera samples were randomly selected from different sources to represent natural variability within the species. These samples were subjected to consistent environmental conditions to minimize external factors influencing phytohormone concentrations. The observed variations in phytohormone levels among these samples are indicative of the natural variability expected within a broader population. This approach allowed for a robust assessment of phytohormonal content, ensuring that the analytical results are reflective of the typical range of phytohormones found in Aloe vera plants. The samples were thoroughly washed with DI water and left to dry under ambient conditions before collecting the gel. The protocol used for sample preparation was developed by the authors, drawing on methodologies from existing literature for phytohormone analysis in plant matrices. Studies have demonstrated the efficacy of acetonitrile-based extraction solutions and acidified solvents for stabilizing phytohormones in complex plant matrices (Sutcharitchan et al., 2020). Preliminary experiments were conducted to adapt parameters such as solvent composition, sample-to-solvent ratio, and centrifugation speed to optimize analyte recovery and stability. The chosen conditions, including the use of 1% acetic acid in acetonitrile as the extraction solvent, were shown to yield consistent recoveries exceeding 95% for all target analytes. These adjustments ensured the protocol was robust and tailored specifically to Aloe vera phytohormone analysis.
The extraction process commenced with weighing 1.00 g of Aloe vera gel. To enhance accuracy, 0.05 mL of salicylic acid D4 (500.00 ng/mL), was added as an internal standard. Salicylic acid D4 was selected due to its structural and physicochemical similarity to the target phytohormones, which allows it to mimic their behavior during chromatographic separation and mass spectrometric determination. The addition of the internal standard was thoroughly optimized to ensure consistent recovery and reliable quantification across all analytes. The samples were thoroughly vortexed to ensure homogeneity. Subsequently, a solution comprising 5.00 mL with 1% acetic acid in acetonitrile was added to the sample and vortexed to ensure thorough mixing. To separate the components, the resulting mixture underwent centrifugation at 4,500 rpm for 10 min. Following centrifugation, the supernatant was meticulously filtered through a 0.45 µm filter and extracted for further analysis. The prepared solution was then injected into an LC-MS/MS instrument for a detailed analysis of the sample. The entire procedure was performed in triplicate for each Aloe vera sample, providing a robust assessment of the developed analytical protocol’s precision and reliability.
LC-MS/MS analysis and method development
LC-MS/MS analysis was carried out using Shimadzu (Japan) model LC-30AD (Nexera X2) binary pump and LCMS-8060 Shimadzu (Japan). The chromatographic separation was performed using Zorbax Eclipse Plus C18 (4.6 × 100 mm, 3.5 µm pore size) column sourced from Agilent Technologies. The mobile phase consisted of 0.01% formic acid (v/v) in a mixture of water and methanol (35:65 v/v). A 10.0 µL volume of the sample was injected, and the mobile phase flowed at a rate of 0.50 mL/min. The oven temperature was set at a constant 30°C during the analysis. The LC system was connected to a triple quadrupole mass spectrometer detector. Phytohormones underwent ionization in both positive and negative electrospray ionization (ESI) modes. Quantification was achieved through the multiple reaction monitoring (MRM) mode. In the optimization of the LC-MS/MS method, a series of standards were employed, and the resulting Multiple Reaction Monitoring (MRM) data underwent comprehensive analysis. The selection of optimal parent and daughter ions was a pivotal step in refining the method. The collision energy (CE) was carefully fine-tuned based on the relative abundance of the parent and daughter ions, as detailed in Table 1. Q1 and Q3 in Table 1 indicate the mass parent and mass product ion respectively. A detailed description of Table 1 can be found under the Supplementary Information (SI) section.
TABLE 1 | Qualification and quantification of MRM transition for phytohormones using LC-MS/MS.
[image: Table 1]To establish the instrument’s detection limits for each phytohormone, a rigorous approach was employed. Three replicates of each sample were analyzed, and the signals from each sample at the retention time of the respective phytohormone were recorded. The standard deviation of these signals was calculated. Utilizing the slope ratio between the internal standard and each phytohormone, the standard deviation values were then applied to determine the limit of detection (LOD). This method not only ensures precision in quantification but also provides a robust assessment of the sensitivity of the LC-MS/MS system in detecting trace amounts of phytohormones in Aloe vera samples.
Method validation
The validation of the testing method is crucial to determine its reliability and ability to generate accurate and valuable data. This meticulous process ensures that the analytical procedure consistently delivers results within defined parameters. The criteria employed for validation encompass selectivity, sensitivity, precision, accuracy, linearity, and matrix effect (Cheng et al., 2022; Wille et al., 2022; Williams et al., 2023). The matrix effect was evaluated to ensure that the Aloe vera matrix did not interfere significantly with analyte determination or quantification. Sensitivity is expressed through the limit of detection (LOD) and the limit of quantitation (LOQ). The LOD represents the lowest concentration of an analyte that can be reliably distinguished from background noise, while the LOQ is the lowest concentration that can be quantified with acceptable precision and accuracy. Both parameters were calculated using the standard deviation of the response (SD) and the slope of the calibration curve (S) as per modern guidelines (Rajmane Akash and Shinde Komal (2023)). Precision, the degree of scatter among measurements, and accuracy, the proximity of test values to actual values, were precisely evaluated. Three quality control (QC) samples (High, medium, and low) concentrations were used to evaluate both intra- and inter-day accuracy and precision. These parameters collectively ensure the consistency and reliability of the analytical method. The detailed results of the validation process are presented in Table 2. This validation demonstrates the sensitivity and robustness of the developed analytical protocol.
TABLE 2 | Applied quality control measures in the determination of the target phytohormones.
[image: Table 2]The results from Table 2 collectively demonstrate the method’s ability to meet quality control measures, providing a foundation for accurate and reliable determination of target phytohormones in Aloe vera samples. A detailed description of Table 2 can be found in Supplementary Information (SI) section. These findings not only validate the analytical approach but also underscore its applicability in ensuring the quality and safety of Aloe vera products for consumers.
RESULTS AND DISCUSSION
Validation results
The analytical method developed for phytohormone analysis was meticulously validated and applied to Aloe vera samples. The validation process evaluated the method’s selectivity, sensitivity, matrix effect, precision, and accuracy to ensure its suitability for the analysis. Matrix Effect was assessed by comparing the responses of analytes spiked into blank extracts with those spiked into pure solvent. The observed signal suppression or enhancement for all six phytohormones was within the acceptable range (80%–120%), indicating minimal interference from the Aloe vera matrix (Table 2). Further validation of the analytical method was assessed by evaluating the retention times and intensity of phytohormones. The results affirm the establishment of a robust linear relationship among the analytes, as evidenced by an exceptional regression value (R2 = 0.99) (Supplementary Figure S1). This high degree of correlation between phytohormone concentration and signal intensity is paramount for ensuring precise and reliable quantification across a diverse concentration range. To visually represent the efficacy of the method, Figure 1 presents chromatograms depicting the chromatographic profiles of the six target phytohormones under optimal conditions. Each hormone manifests as a distinct peak at its specific retention time, demonstrating the method’s ability to precisely separate and identify individual compounds. The clarity and separation of these peaks are essential for accurate quantification, ensuring that each phytohormone is distinctly identified and measured.
[image: Figure 1]FIGURE 1 | Chromatograms of the target phytohormones and internal standard.
The chromatograms (Figure 1) reveal sharp, well-resolved peaks for all phytohormones, underscoring the method’s ability to selectively quantify the target. The clarity and distinctiveness of these peaks contribute to the method’s selectivity, reinforcing its efficacy in phytohormone determination. The chromatographic results not only showcase the robustness of the method but also lay the foundation for accurate quantification, thereby enhancing the reliability of the analytical approach for phytohormone analysis in plant samples.
Sample analysis
Following the successful validation of the LC-MS/MS method, it was applied to the analysis of phytohormones in Aloe vera samples. Upon analysis, it was observed that out of the six targeted phytohormones, four were successfully detected using the developed LC-MS/MS method. Figure 2 shows the chromatograms of real sample of Aloe vera highlighting the unique chemical properties of each phytohormone in terms of variations in their retention times. The observed differences in retention times, as depicted in Figure 2, offer a valuable visual tool for researchers to easily identify and distinguish individual phytohormones. This critical information contributes to the understanding of hormonal dynamics within Aloe vera, paving the way for further investigations into its therapeutic potential and adaptive responses.
[image: Figure 2]FIGURE 2 | Chromatograms of the target phytohormones in real sample.
The variability in concentrations among different samples highlights the heterogeneity in phytohormone composition within Aloe vera, which could be influenced by various factors such as plant age, environmental conditions, and cultivation practices. The observed concentrations provide valuable insights into the phytohormone profile of Aloe vera, contributing to a deeper understanding of its physiological and therapeutic properties. Further exploration of these variations may uncover implications for the quality and efficacy of Aloe vera products in diverse applications. In Figure 3, the box-and-whisker plots illustrate the concentrations of phytohormones in the tested Aloe vera samples, providing a comprehensive overview of overall phytohormone profile.
[image: Figure 3]FIGURE 3 | Box and Whisker plot showing concentration ranges (ng/mL) of detected phytohormones in the Aloe vera samples (N = 13).
ABA consistently shows the highest median concentration across all samples, highlighting its dominant presence in the phytohormone composition of Aloe vera. I3AA follows, with the second-highest median concentration, underscoring its significant role in the samples. SA and GA rank third and fourth, respectively, in terms of median concentrations. The distribution and spread of the data, as depicted by the whiskers and interquartile ranges, reveal the variability within each phytohormone group. Despite these variations in median values, statistical analysis confirms that the differences in concentrations among the phytohormones are not statistically significant at a 95% confidence level. This conclusion is supported by the overlapping confidence intervals and similar interquartile ranges, suggesting that the observed differences fall within the normal range of variation.
This study presents a novel LC-MS/MS methodology for the comprehensive analysis of phytohormones in Aloe vera, overcoming limitations of previous approaches that predominantly focused on single analytes or employed less sensitive techniques. The optimized extraction and analytical protocols enable precise and reproducible quantification of key phytohormones, filling critical gaps in the literature regarding Aloe vera’s chemical profile. By providing a detailed understanding of the phytohormonal composition, this work establishes a robust foundation for evaluating Aloe vera’s therapeutic potential and safety in consumer products. These findings also highlight the complex and dynamic regulation of phytohormones in Aloe vera, emphasizing the need for further research into their roles and interactions. The methodology developed in this study provides a reliable framework for future investigations, enabling deeper insights into the biological and therapeutic significance of phytohormones in Aloe vera and other plant systems. The validated LC-MS/MS method demonstrates exceptional robustness, with the capacity to separate, detect, and quantify phytohormones with high sensitivity and selectivity. These attributes underscore its potential adaptability to other plant species, particularly those with similarly intricate biochemical compositions. The use of acidified acetonitrile as an extraction solvent and the optimized chromatographic conditions are broadly applicable to other plants with diverse phytohormonal profiles. For example, this protocol could be extended to other medicinal plants such as Echinacea purpurea or Camellia sinensis, where phytohormone analysis is crucial for understanding their therapeutic properties. Furthermore, the method’s ability to analyze trace phytohormones makes it suitable for high-throughput studies in agricultural research, where the hormonal regulation of growth and stress responses across different crops is a key area of interest.
CONCLUSION
In the current study, we have successfully developed, optimized, and validated a robust LC-MS/MS method for the accurate determination of phytohormone concentrations in Aloe vera samples to advance our understanding of the intricate signaling mechanisms within this medicinal plant. The optimization of the LC-MS/MS method involved the systematic variation of phase composition, leading to enhanced separation and resolution of phytohormones within the complex matrix of Aloe vera. Following the guidelines established by regulatory authorities, such as the US Food and Drug Administration (FDA), our validation process rigorously examined various parameters, demonstrating the method’s reliability and robustness. Compared to traditional techniques such as bioassays, immunoassays, and HPLC-UV, the LC-MS/MS method provides significant advancements in sensitivity, selectivity, and throughput. The LC-MS/MS method, with its high sensitivity (LOD as low as 0.01 ng/mL) and multiplexing capabilities, addresses these limitations and sets a new benchmark for phytohormone analysis. Our results indicate that ABA consistently emerged as the predominant hormone, followed by SA, I3AA, and GA. Variations in concentrations were observed among different samples, showcasing the heterogeneous nature of phytohormone composition in Aloe vera. Our findings stimulate further exploration, inviting researchers to delve into the world of phytohormones and their role in shaping the unique characteristics of different plants. Our findings reveal a distinct distribution of phytohormones, with ABA and SA predominating, suggesting their pivotal roles in the plant’s stress response and defense mechanisms, and hint at potential gender-specific hormonal regulation. This detailed interpretation of results not only highlights the method’s effectiveness but also opens new avenues for research into the physiological roles of phytohormones in Aloe vera and other medicinal plants. By establishing baseline levels of phytohormones, our study contributes to the safety evaluation of Aloe vera-based products, correlating hormonal profiles with therapeutic effects and supporting the traditional and potential new uses of Aloe vera in pharmaceuticals and nutraceuticals, thus benefiting both scientific research and consumer wellbeing.
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