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SUMMARY: 
This study presents a combined AlCl₃ / Folin–Ciocalteu approach for HPTLC profiling and quantification of flavonols/5-hydroxyflavones and phenolic compounds in citrus peels, complemented by microplate analysis.

ABSTRACT:
Phenolic compounds and flavonoids significantly contribute to the antioxidant activity and functional value of citrus by-products. However, conventional colorimetric assays, while widely used, lack chromatographic separation and may be affected by chemical interferences. This protocol presents an integrated analytical workflow that combines microplate spectrophotometric assays with High-Performance Thin-Layer Chromatography (HPTLC) for the determination and profiling of total phenolic content (TPC) and total flavonols plus 5-hydroxyflavones content (TFHC) in citrus peel extracts. Ethanolic extracts of lime (Citrus aurantifolia) and mandarin (Citrus reticulata) peels were evaluated using Folin–Ciocalteu (FC) and aluminum chloride (AlCl₃) assays in a 96-well microplate format, followed by HPTLC analysis employing two sequential mobile phases and dual post-chromatographic derivatization. Microplate measurements yielded TPC values of 74.2 mmol/g for lime and 72.8 mmol/g for mandarin, while TFHC values were 15.5 and 6.0 mmol/g, respectively. HPTLC separation resolved four phenolic bands in lime and six in mandarin. Two lime bands were selectively visualized after AlCl₃ derivatization, consistent with flavonols or 5-hydroxyflavones. The sum of phenolic bads estimated by HPTLC was 22.0 and 20.8 mmol/g dry matter for lime and mandarin, respectively, while TFHC reached 13.4 mmol/g in lime and was not detected in mandarin. These findings demonstrate that microplate assays provide rapid and sensitive estimation of total content, whereas HPTLC enhances selectivity through compound separation and functional-group-specific derivatization. The combined strategy enables high-throughput screening followed by chromatographic confirmation, offering a practical and reproducible platform for phytochemical characterization of complex plant matrices.

INTRODUCTION:

Citrus peels are a by-product of the juice industry and have demonstrated the presence of functional compounds such as antioxidants1. They have been used as neuroprotective foods2, anti-inflammatory, anti-acne cosmeceuticals3, and food additives4. Several of these bioactivities are attributed to flavonoids5, and to phenolic compounds6. General methods to estimate the total amount of flavonoids and phenols have been established in the literature 7, the most common being the Folin-Ciocalteu for Total Phenolic Content (TPC)8, and the Aluminum Chloride for Total Flavonoid Compounds (TFC)9 by spectrophotometry. Folin-Ciocalteau method was publish in 1927 by first time10, based on a modification of Folin-Denis reaction11, both based on a redox reaction of phosphotungstic-phosphomolibdic compounds. Folin-Ciocalteau measure reductive capacity of phenolic compounds12. Aluminum chloride and flavonoid test was firstly proposed in 1960, based on complexes between the metal and flavonoid ligands13

Both spectrophotometric assays are useful tools for estimating and comparing the overall content of phytocompounds commonly found in plant materials. However, they are subject to various limitations. For example, some limitations arise from the use of external standards14, where it is generally assumed that the chemical nature of the standard does not significantly affect the signal response. In practice, this assumption is difficult to validate, since molar absorptivity depends on factors such as conjugation and other structural features that are challenging to standardize in natural products. For instance, Appel et al15 evaluated TPC from eleven oak species and developed the so-called “self-standard” approach, reporting differences greater than 50% in the slopes of the calibration curves. Self-standard utilization is a strategy designed to represent the same compositional mixture of compounds as present in the sample, thereby providing a closer match to the actual Total Phenolic Content (TPC) in the sample. 16 Self-standards also provide some information about the ratio between reactive groups and average molecular weight, however, it is laborious and difficult to standardize.

The Total Flavonoid Compounds assay based on aluminum chloride complexation has been critically evaluated in recent studies17, 18 , which concluded that AlCl₃ specifically forms complexes with two subgroups of flavonoids: flavonols and 5-hydroxyflavones. Typically, flavonols exhibit maximum absorption around 440 nm, whereas 5-hydroxyflavones absorb near 415 nm. In addition, certain flavonoids may display intrinsic absorbance within the 415–440 nm range even in the absence of derivatization, and the increase in absorptivity upon complexation varies among individual compounds. Moreover, both colorimetric assays lack separation and therefore cannot distinguish between different phenolic constituents; while this feature may be advantageous for estimating total contents, it results in limited specificity. These considerations highlight the need for an analytical strategy capable of resolving individual components before colorimetric detection, thereby distinguishing true assay responses from spectral or chemical interferences.

Despite these limitations, such assays remain valuable tools for the general screening of bioactive phenolic compounds in plant and fruit extracts19. To assess potential interferences, the use of a High-Performance Thin Layer Chromatography (HPTLC) method revealed with both Folin–Ciocalteu and AlCl₃ reagents represents an effective approach. Chromatographic separation enables the detection of interfering substances with pre-existing absorption bands prior to complexation, while photographic documentation allows simultaneous analysis of multiple absorption maxima.  In addition, HPTLC analysis offers several advantages over more comprehensive chromatographic techniques such as HPLC–MS/MS, including lower solvent consumption, shorter analysis time due to the simultaneous processing of multiple samples (up to 18 per plate)20, and facilitated interpretation of complex mixtures owing to the selectivity of post-chromatographic derivatization21.

In this work, we present an integrated protocol for the determination of the specific compounds comprising Total Polyphenolic Content (TPC) and Total Flavonols plus 5-hydroxyflavones (TFHC) in citrus peel extracts using high-performance thin-layer chromatographic (HPTLC) separation, together with a general content estimation based on a microplate colorimetric assay. Planar chromatographic quantification of phenolic compounds is performed using the Folin–Ciocalteu reagent, while aluminum chloride derivatization is applied exclusively for the chromatographic identification of bands corresponding to flavonols and 5-hydroxyflavones. In this approach, TFHC determination relies on the Folin–Ciocalteu response of chromatographically resolved and chemically identified compounds, rather than on aluminum chloride complexation for quantification. The HPTLC analysis enables compound-specific separation and visualization, allowing the identification of individual phenolic constituents and the detection of potential spectral interferences. In addition, a microplate-based spectrophotometric method is presented for rapid estimation of total TPC and TFHC, providing a complementary high-throughput screening tool for complex plant matrices.

PROTOCOL:

1. Fruit Peels Preparation
1.1 Remove approximately 50 g of peels from each fruit, separating it from the edible portion. For our representative results mandarins were bought at a local store (imported from Chile, Isabelline variety), and limes were collected from a tree near San José, Costa Rica (voucher specimen #16434)
1.2 Place the peels in a plastic zip-lock bag and freeze them at -20°C for at least two hours.
1.3 Transfer the frozen peels to a precooled freeze-dryer, keep the bags open, and apply vacuum (0.1 mbar) overnight until completely dry.
1.4 Grind each dried material to approximately 0.1 mm using a blade mill.

2. Extraction
2.1 Weigh approximately 100 mg of dry, ground citrus peel (lime or mandarin) and place it in a 15 mL glass tube.
2.2 Add 3 mL of 60% ethanol to the tube.
2.3 Sonicate the mixture in an ultrasonic bath for 10 min at 40 °C to disrupt plant cells and facilitate phytochemical release.
2.4 Centrifuge the sample at 850 × g for 10 min.
2.5 Carefully transfer the ethanolic supernatant to a 10 mL volumetric flask using a Pasteur pipette, avoiding the disturbance of the sediment.
2.6 Add an additional 3 mL of 60% ethanol to the tube containing the moist solid residue.
2.7 Repeat the sonication and centrifugation steps described above in steps 2.3 and 2.4.
2.8 Transfer the supernatant to the same volumetric flask and combine it with the previous extract.
2.9 Perform a third extraction by repeating the previous steps (2.6–2.8).
2.10 Acidulate the combined extract (≈ 9 mL) with two drops of 0.1 mol/L HCl (in order to increase the stability of anthocyanins and other phenolic compounds) and bring the volume to 10 mL with methanol.
2.11 Perform this procedure in triplicate for each sample.

3. Total Flavonols and 5-hydroxyflavones Content (TFHC) by microplate spectrophotometry
3.1 Prepare a quercetin stock solution (100 µg/mL) or an equivalent flavonoid standard.
3.1.1 Weigh 10 mg of quercetin using a balance with 0.1 mg precision
3.1.2 Dissolve the quercetin in approximately 5 mL of 95% ethanol and transfer the solution to a 10 mL volumetric flask labeled as the stock solution. 
3.1.3 Rinse the beaker twice with 2 mL of 95% ethanol and add the rinses to the flask.
3.1.4 Bring the volume to the mark with 60% ethanol.
3.1.5 Prepare standard solutions (10–100 µg/mL) and a blank in 1.5 mL microcentrifuge tubes according to Table 1.
[place Table 1 here]

3.1.6 Ensure that all samples and standards fall within an absorbance range of 0.2–0.8, adjusting concentrations if necessary.
3.1.7 Prepare the microplate layout by dispensing 60 µL of blank, sample, or standard into each well according to Figure 1(b). Perform three replicates per sample or standard.
[place Figure 1 here]

3.1.8 Dispense aqueous solutions of 2% aluminum chloride, 5% sodium acetate, and 80% methanol into separate reagent reservoirs.
NOTE: Handle aluminum chloride and methanolic solutions with care. Aluminum chloride solutions are irritating, and methanol is toxic by ingestion, inhalation, and skin absorption. Avoid skin and eye contact and wear appropriate PPE

3.1.9 Using an 8-channel multichannel pipette, add 10 µL of AlCl₃ solution, 10 µL of sodium acetate solution, and 200 µL of 80% methanol to each well.
3.1.10 Shake the plate at intermediate intensity for 10 s and incubate it in the dark for 30 min.
3.1.11 Measure absorbance at 415 nm. If shaking is unavailable, mix manually with a micropipette before incubation.
3.1.12 Interpolate sample absorbance values from the calibration curve and apply dilution, volumetric, and mass correction factors as needed.
[place Figure 2 here]

4. Total Polyphenolic Content (TPC) by microplate spectrophotometry
4.1 Prepare a gallic acid standard curve (0.000–0.120 mg/mL).:
4.1.1 Weigh approximately 0.0123 g of gallic acid (98% purity) using an analytical balance and dissolve it in distilled water.
4.1.2 Transfer the solution to a 10 mL volumetric flask, rinse twice, and fill to the mark with distilled water to obtain the stock solution.
4.1.3 Prepare a working solution by diluting 1 mL of stock solution to 10 mL with distilled water.
4.1.4 Prepare calibration standards by further diluting the working solution according to Table 2.
4.1.5 Adjust concentrations if absorbance values fall outside the 0.2–0.8 range. 
[place Table 2 here]

4.1.6 Prepare the Folin–Ciocalteu working reagent by diluting the commercial reagent 1:14 with distilled water.
NOTE: Folin–Ciocalteu reagent and hydrochloric acid solutions are corrosive. Avoid splashes and direct contact. Perform reagent handling in a fume hood

4.1.7 Pipette 30 µL of each sample, standard, or blank into a 96-well microplate following the layout in Figure 3(a), using three replicates per sample.
4.1.8 Add 215 µL of Folin–Ciocalteu working reagent to each well using a multichannel pipette. 
4.1.9 Add 50 µL of 20% sodium carbonate solution to each well and mix thoroughly with a micropipette.
4.1.10 Incubate the plate for 20 min at 40 °C with agitation.
4.1.11 Measure absorbance at 755 nm. 
[place Figure 3 here]

5. General conditions utilized for High Performance Thin-Layer Chromatography analysis
5.1 Standard curves
5.1.1 Prepare stock solutions of quercetin and gallic acid (100 µg/mL each) as described above in Sections 3 and 4.
5.1.2 Apply gallic acid to six lanes at volumes of 2, 4, 6, 8, 10, and 12 µL.
5.1.3 Apply 5 µL of gallic acid and quercetin individually to separate lanes for identification.
5.2 Plate Layout:
5.2.1 Use a 10 × 20 cm silica gel 60 F₂₅₄ aluminum-backed TLC plate as the stationary phase.
5.2.2 Set application parameters as follows: Y position 7.0 mm, band length 6.0 mm, first X position 14.0 mm, distance between tracks 9.4 mm
5.2.3 Apply 10 µL of each extract per band using nitrogen as the spraying gas.
5.2.4 Set the solvent front distance to 70 mm.
5.3 Plate Development:
5.3.1 Develop plates in a manual chamber containing 40 mL of mobile phase and allow 10 min chamber saturation using filter paper in contact with the mobile phase and the wall of the chamber to help the vapors of the mobile phase saturate the chamber atmosphere.
5.3.2 Develop plates using either MP1 or MP2, performing double development when indicated. Mobile Phase 1 (MP1) which is composed of ethyl acetate : formic acid : acetic acid : water (100:11:11:26); and MP2 made of toluene : ethyl acetate : formic acid (5:4:1). 
NOTE: Develop HPTLC plates in a fume hood. Mobile phase components (ethyl acetate, toluene, formic acid, and acetic acid) are volatile, and toluene and ethyl acetate are highly flammable. Avoid inhalation of vapor and eliminate ignition sources.

5.3.3 Allow plates to dry at room temperature 

5.4 Derivatization
5.4.1 Spray plates with Folin–Ciocalteu reagent (300 µL reagent + 600 µL 50% ethanol), dry briefly with a heat gun, and spray with 1 mL of 10% sodium carbonate in 50% ethanol. 
5.4.2 Separately, spray other plates with 1% aluminum chloride in 50% ethanol.
5.5 Heat plates uniformly with a heat gun until color development stabilizes and plates are completely dry.

6. [bookmark: _Hlk210981601]Development for Total Flavonols and 5-hydroxyflavones Content (TFHC) and Total Phenolic Content (TPC) analysis by High Performance Thin-Layer Chromatography
6.1 Set-up for MP1
6.1.1 Apply samples in triplicate lanes along with gallic acid and quercetin reference lanes (for identification, as described in step 5.1.4).
6.1.2 Develop plate using MP1
6.1.3 Develop plate again using MP2
6.1.4 Derivatize plate using FC reagent as previously described 
6.1.5 Photo-document the plate using white illumination, as well as 254, and 366 nm UV illumination
6.1.6 Repeat the procedure replacing the final step for AlCl3 derivatization, as shown in Figure 4
[insert Figure 4 here]

RESULTS:

[bookmark: _Hlk220668733]Extraction conditions

The general extraction protocol described here employs 60% ethanol, as previously reported22. When extrapolated to other vegetable sources, extraction conditions can be optimized in terms of the polarity of solvent and the number of cycles. A comprehensive rationale for selecting both the solvent and the number of cycles has been detailed elsewhere16. Solvent selection may be guided by prior literature and polarity indices; in general, hydroalcoholic mixtures of ethanol or methanol, as well as acetone, are recommended. The optimal number of extraction cycles (n) can be evaluated by dividing a fixed total volume of 10 mL into 1–5 cycles of 10/n mL, followed by pooling the liquid extracts. The efficiency of different extraction cycle numbers is then statistically compared to identifying the condition yielding the maximum absorbance in the TPC assay.

Microplate and HPTLC quantification.

The standard calibration curves for both the microplate assay and the HPTLC analysis are presented in Figure 5. For total phenolic content (TPC) determination by the Folin–Ciocalteu microplate method and for HPTLC plates derivatized with the same reagent, calibration curves were established using gallic acid as the reference compound. Gallic acid was selected not only because it is one of the most commonly used standards for TPC quantification, but also because it can be eluted under the same mobile phase conditions applied to the lime and mandarin samples. Quercetin was also evaluated as a potential standard for the HPTLC assay; however, it proved unsuitable for this chromatographic system, as it co-eluted with the solvent front and could not be quantified reliably. Nevertheless, TFHC was determined using quercetin as the reference standard, since gallic acid does not form a colored complex with aluminum chloride, given that it is neither a flavonol nor a 5-hydroxyflavone.

[insert Figure 5 here]

The results for total phenolic content (TPC) and total flavonoid and hydroxycinnamic acid content (TFHC) are presented in Table 3. As expected, TFHC values were significantly lower than TPC values, being approximately fivefold lower in lime samples and twelvefold lower in mandarin samples.

[insert Table 3 here]

Similarly, the results obtained from the HPTLC analysis are summarized in Table 4. Chromatographic separation enables the visualization of individual bands corresponding to distinct compounds. Four phenolic constituents were detected in lime samples and six in mandarin samples. None of these bands matched the retention factors of the reference standards employed (gallic acid and quercetin), which is consistent with expectations.

[insert Table 4 here]

Table 4 also reports the total phenolic content estimated from HPTLC analysis, calculated as the sum of the individual compounds detected chromatographically (analogous to TPC). Additionally, the table includes the cumulative content of the bands assigned to flavonols or 5-hydroxyflavans (Rf = 0.46 and 0.62 in lime; none detected in mandarin). These bands appeared yellow after derivatization with AlCl₃ and exhibited yellowish fluorescence under 366 nm UV illumination. However, no visible coloration was observed prior to derivatization, as shown in Figure 5

[insert Figure 5 here]

For HPTLC analysis, Folin-Ciocalteu (FC) derivatization provides comprehensive detection of phenolic compounds, although minor interferences may occur. Also, aluminum chloride (AlCl₃) derivatization selectively stains a subset of flavonoids. The combined application of both reagents improves method standardization and mitigates some of the inherent limitations of either approach. Notably, it is improbable for a non-flavonoid compound to exhibit both the characteristic blue coloration under FC and the yellow–reddish absorbance under AlCl₃. Additionally, pre-existing chromophores can be excluded as interferences if visible with the same intensity prior to derivatization.

As shown in Figure 5, the lime extract exhibited two bands at Rf 0.62 and 0.46, which were not detectable on the undeveloped plate but became clearly visible after both Folin–Ciocalteu (FC) and AlCl₃ derivatization. This behavior supports their flavonoid nature, possibly corresponding to neoeriocitrin and hesperidin23. Additional phenolic constituents were observed at Rf 0.21 and 0.37 in lime, and at Rf 0.36, 0.39, 0.42, 0.46, 0.54, and 0.89 in mandarin. These bands were detectable after FC derivatization but not after AlCl₃ treatment, suggesting they may correspond to non-flavonoid phenolic compounds. According to the literature, major non-flavonoid phenolics reported in mandarin include chlorogenic acid and trans-ferulic acid24, 25. In lime, other compounds previously described include coumaric acid and dihydroxyferulic acid23. Nevertheless, confirmation of these assignments requires analysis with additional reference standards.


HPTLC mobile phases comparison

Both mobile phases were developed as a modification of previously reported systems 26–28. The more polar mobile phase (MP1, Figure 6A) provided superior separation of phenolic constituents compared to MP2. In contrast, the less polar mobile phase (MP2) (Figure 6B) enabled the simultaneous retention of both sample components and reference standards within the same chromatographic run.  However, under MP2 conditions, the Rf values of the sample constituents were relatively low, with some compounds remaining close to the origin, as shown in Figure 6. To address this limitation, a double development procedure using MP1 followed by MP2 was implemented. This strategy ensured improved migration and resolution of the sample components while allowing quantification against gallic acid standards on the same plate under identical chromatographic conditions. Quercetin exhibited a faint yellow coloration before AlCl₃ treatment, which intensified after derivatization. For both lime and mandarin extracts, two distinct bands were observed in addition to a band remaining at the origin. Furthermore, a yellow band with an Rf value of 0.14 became clearly visible after AlCl₃ derivatization.

[insert Figure 6 here]

FIGURE AND TABLE LEGENDS:
Table 1. Amounts of Quercetin Standards for Total Flavonols and 5-hydroxyflavones Content (TFHC) Calibration Curve
Table 2. Amounts of Gallic Acid Standards for Total Phenolic Content (TPC) Calibration Curve
Table 3. Results for mandarin and lime Total Phenolic Content by microplate method
Table 4. Results for Total Phenolic Content and bands corresponding to AlCl3 revealed compounds by HPTLC derivatized with AlCl3
Figure 1. Microplate layout for Total Flavonols and 5-hydroxyflavones Content (TFHC) microplate analysis. (A) scheme of microplate. (B) software Gen5 layout program.
Figure 2. Microplate software set-up for Total Flavonols and 5-hydroxyflavones Content analysis
Figure 3. Microplate layout and software set-up for Total Phenolic Content (TPC) microplate analysis. (A) layout. (B) software program.
Figure 4. VisionCats steps for analysis of TPC and TFHC by HPTLC
Figure 5. HPTLC plate of lime, mandarin, gallic acid, and quercetin developed sequentially with MP1 followed by MP2, and separately derivatized with aluminum chloride (AlCl₃) and Folin–Ciocalteu (FC) reagents. The chromatographic profile after AlCl₃ derivatization is shown. Abbreviations: FC, Folin–Ciocalteu derivatization; AlCl₃, aluminum chloride derivatization; W, white light illumination; 366, UV illumination at 366 nm.
Figure 6. HPTLC plates of lime, mandarin, gallic acid, and quercetin developed with mobile phase 1 (A) and mobile phase 2 (B). For each plate, the tracks from left to right correspond to: developed (non-derivatized), Folin–Ciocalteu derivatized, and AlCl₃ derivatized samples. Visualization was performed under white light illumination.
Figure 7. Schematic representation of AlCl₃ complexes formed with flavonols and 5-hydroxyflavones.
Figure 8. Proposed workflow for sample screening and analysis. (A) High-throughput microplate screening of a large batch of samples. (B) HPTLC analysis of selected samples for quantification using the Folin–Ciocalteu method and for identification of flavonols and 5-hydroxyflavones through AlCl₃ derivatization.

DISCUSSION

Sample collection and storage are critical steps in ensuring the integrity of phytochemical analyses. After collecting, samples should be transported under refrigerated conditions and freeze-dried as soon as possible to minimize degradation. While dried biological materials are generally stable, extracts in solution are considerably more labile, even when stored under refrigeration. Therefore, analytical determinations are preferably performed on freshly prepared extracts. Prolonged storage, even for a few days under cold and light-protected conditions, or for a few hours at room temperature, can lead to observable changes in chromatographic profiles, including alterations in band intensity and the formation of precipitates. These changes are typically associated with chemical transformations such as oxidation, hydrolysis, or complexation reactions. Consequently, all reagents and extracts should be stored and handled under cold and dark conditions to preserve their chemical stability.

When comparing both techniques (Tables 3 and 4), systematic quantitative differences are evident. In both lime and mandarin, TPC values obtained by the microplate assay were approximately three times higher than those estimated by HPTLC. In lime, TPC was 74.2 mmol/g by microplate versus 22.0 mmol/g DM by HPTLC, while TFHC values were 15.5 and 13.4 mmol/g, respectively. In mandarin, TPC reached 72.8 mmol/g by microplate compared to 20.8 mmol/g by HPTLC. For TFHC, the microplate method yielded 6.0 mmol/g, whereas no corresponding bands were detected by HPTLC.

These discrepancies can be explained by the intrinsic limitations and response mechanisms of each method. The Folin–Ciocalteu (FC) assay is known to react not only with phenolic compounds but also with various non-phenolic reducing substances, including ascorbic acid, tyrosine, formic acid, and acetic acid29, as well as other low-molecular-weight reductants. Such compounds contribute to the overall spectrophotometric signal, potentially leading to an overestimation of TPC. Additionally, minor phenolic constituents may collectively increase total absorbance in the microplate assay, even if their individual concentrations are too low to produce distinct, quantifiable bands in HPTLC. Some small or highly polar metabolites may also fail to be retained, resolved, or visualized under the chromatographic conditions employed.

Methodological differences in detection chemistry further contribute to the observed variations. The FC reaction produces a substantial increase in absorbance due to the reduction of the reagent, resulting in high analytical sensitivity. In contrast, the AlCl₃ method is relatively non-specific and relies on complex formation with certain flavonoids. Flavonols typically exhibit maximum absorption around 410 nm, whereas 5-hydroxyflavones absorb near 440 nm 18, and their complexes with Al³⁺ are illustrated in Figure 7. However, the increase in absorbance following complexation is comparatively modest, making the AlCl₃ assay more susceptible to interference from colored matrix components, including flavonoids themselves.

Despite these limitations, the combined use of FC and AlCl₃ derivatization in HPTLC represents a powerful complementary strategy for phenolic analysis. This approach couples the high sensitivity of the FC reaction with the structural discrimination provided by AlCl₃ complexation and chromatographic separation. Moreover, several flavonols are known to exhibit characteristic yellowish bands under UV illumination 30, further supporting compound classification and confirmation.

Microplate methods are particularly advantageous for high-throughput screening. They require minimal sample preparation, low reagent consumption, and enable the simultaneous analysis of dozens of samples. Under typical laboratory conditions, a complete microplate assay can be performed in approximately 4 hours using widely available instrumentation. These characteristics make microplate assays highly suitable for rapid comparative studies, routine quality control, and the preliminary evaluation of large sample sets.  In contrast, HPTLC is more time- and labor-intensive, with a complete analytical workflow typically requiring 7–8 hours. It also relies on specialized instrumentation that may not be available in all laboratories, and the use of dedicated plates and derivatization reagents increases the per-analysis cost. Another limitation is that metabolites present at very low concentrations may remain undetectable under standard visualization conditions. However, these practical and sensitivity-related limitations are offset by the key advantage of chromatographic separation30, 31, HPTLC enables the resolution of individual constituents in complex plant matrices, confirmation of genuine assay responses, and detection of potential interfering compounds.  Moreover, selective post-chromatographic derivatization allows straightforward classification of compounds into functional groups (e.g., flavonols and 5-hydroxyflavones), enhancing chemical interpretation beyond total content estimation.

Accordingly, in large-scale studies, the analytical workflow may begin with microplate assays to rapidly identify samples with elevated levels of target compounds. Selected samples can then be subjected to HPTLC analysis to visualize individual constituents, assess selectivity, and evaluate possible interferences through dual derivatization. This integrated strategy (illustrated in Figure 8) combines speed and throughput with chemical specificity and structural insight.

[insert Figure 8 here]

Compared to HPTLC, HPLC coupled to high-resolution mass spectrometry (HPLC–HRMS)—the most common alternative reported in the literature—offers unmatched sensitivity and unambiguous structural identification of individual compounds32. Nevertheless, HPLC–HRMS analyses are inherently slower, as each chromatographic run must be performed sequentially, and they involve substantially higher costs associated with instrumentation, solvent purity requirements, and solvent consumption. Furthermore, functional-class screening often requires complex data processing and compound-specific interpretation, whereas HPTLC enables direct visual grouping of compounds after derivatization. Consequently, HPTLC represents an effective intermediate platform between rapid microplate screening and comprehensive HPLC–MS analysis, balancing throughput, cost, and chemical selectivity.

Flavonoid and phenolic analysis has wide-ranging applications across food science, nutraceuticals, pharmaceuticals, agriculture, and materials research. In food science, it is used to evaluate antioxidant capacity, authenticity, shelf life, and quality control of products such as juices, wines, and teas, as well as to support agronomical studies, including the determination of optimal harvest time based on phenolic maturity 33. In the nutraceutical sector, phenolic profiling is essential for the standardization and quality assurance of botanical extracts and commercial products such as green tea extract capsules, grape seed extract supplements, quercetin tablets, and citrus bioflavonoid formulations. In pharmaceutical and biomedical research, these analyses support the screening of bioactive compounds with antioxidant, anti-inflammatory, and antimicrobial potential6. In agriculture and plant physiology, phenolic determination helps evaluate plant stress responses and guide crop improvement strategies. Additionally, in materials science—particularly in studies of plant-derived corrosion inhibitors34, 35—phenolic characterization aids in correlating chemical composition with adsorption behavior and protective efficiency.
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