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ABSTRACT 

	Persicaria minor (kesum), a popular Southeast Asian culinary herb, is valued for its health benefits, particularly potent antioxidant flavonoids like quercetin-3-glucuronide (Q3G) and quercitrin. While elite accessions have been identified based on quality and these marker compounds, the preservation of these bioactive compounds is significantly impacted by drying methods and extraction solvents.
Aims: Therefore, this study aimed to evaluate the effects of different drying methods and extraction solvents on the antioxidant activity and phytochemical content of a selected elite P. minor accession, MKSM10. 
Study design: The study was conducted using a completely randomized design (CRD) with a factorial arrangement of treatments involving two factors: drying temperature and extraction solvent.
Place and Duration of Study: The study was conducted at MARDI Headquarters between March 2023 to August 2023.
Methodology: The aerial parts of P. minor were dried using oven (40°C, 50°C, 60°C, 70°C), ambient and freeze drying methods, then extracted with 70% methanol and distilled water. Antioxidant activity was assessed using established in vitro assays, while total phenolic content (TPC), total flavonoid content (TFC) and specific marker compounds, Q3G and quercitrin were quantified using spectrophotometry and high performance liquid chromatography (HPLC). 
Results: Low temperature oven drying at 40°C optimized both the total phytochemical yield and the resulting antioxidant activity, particularly within aqueous extracts. In contrast, freeze drying proved superior for preserving specific key flavonoids, including Q3G and quercitrin, due to its efficacy in retaining heat-sensitive constituents.
Conclusion: Both drying techniques and extraction solvents significantly influenced the antioxidant properties of P. minor. These findings provide valuable insights for selecting optimal processing methods to maximize bioactive compound retention, supporting the future development of functional products derived from P. minor. 
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1. INTRODUCTION 

“Persicaria minor (Huds.) Opiz, synonymously known as Polygonum minus and locally referred to as kesum, is a shrubby, aromatic herb of the family Polygonaceae. Native to Southeast Asia, it is predominantly found in Malaysia, Indonesia, Thailand and Vietnam, but its distribution also extends to parts of Europe and Australia” (Christapher et al., 2015; Lau et al., 2020; Mohd et al., 2018). “Depending on the region, P. minor is known by various vernacular names, including laksa leaf, Vietnamese coriander, Cambodian mint, pakphai (Thai), rau ram (Vietnam) and cenohom (Brunei)” (Abdullah et al., 2017), “reflecting its cultural and culinary significance across different countries. The leaves can be eaten raw as ulam, equivalent to salad in other countries, and are often used as flavouring ingredient due to their strong aroma and fragrance” (Vimala et al., 2011). 

“Phytochemical investigations have revealed that P. minor contains various classes of bioactive compounds. The distinctive aroma and fragrant nature of P. minor are attributed to its high content of volatile aromatic essential oils (72.54%), which are mainly sesquiterpenes and aliphatic aldehydes. Approximately, 77 compounds have been identified by gas chromatography mass spectrometry (GC-MS)” (Abdullah et al., 2015). “The major natural aliphatic aldehydes are decanal (24.36%) and dodecanal (48.18%). Other volatile compounds include 1-decanol (2.49%), 1-dodecanol (2.44%), undecanal (1.77%), tetradecanal (1.42%), 1-undecanol (1.41%), nonanal (0.86%), 1-nonanol (0.76%) and β-caryophyllene (0.18%). In addition to these volatile compounds, P. minor contains specific flavonoids such as myricetin, quercetin, isoquercetin, rutin, catechin and quercetin-3-O-glucuronide (Q3G), all of which contribute to its diverse pharmacological activities” (Christapher et al., 2015). “These bioactive compounds are largely responsible for its antioxidant, antimicrobial, anticancer, immunostimulant (Christapher et al., 2015), anti-diarrheal, anti-ulcer, antiinflammatory (Abubakar et al., 2015), anti-hyperlipidemic, anti-acetylcholinesterase and cytotoxicity” (Abdullah et al., 2015).
 
“Despite its promising bioactivity and widespread culinary use, P. minor remains relatively underexplored compared to other herbal plants and commercial crops in Malaysia. Although traditionally valued, scientific investigations into its postharvest handling and phytochemical optimization are still limited. A major constraint to its commercial development is the lack of standardized postharvest and processing protocols that effectively preserve its bioactive constituents. Among these processes, drying plays a pivotal role by not only preventing deterioration, microbial contamination and enzymatic activity, thereby extending shelf life, but also by preserving essential phytochemicals that contribute to the plant's efficacy and functional properties” (Elshaafi et al., 2020; Justine et al., 2019; Saifullah et al., 2019). “However, different drying techniques can significantly affect the stability, availability and concentration of antioxidant compounds” (Elshaafi et al., 2020; Saifullah et al., 2019). Conventional drying methods such as oven or sun drying are widely practiced, but these can lead to degradation of thermolabile compounds. In contrast, advanced techniques such as freeze drying (lyophilization), a low temperature dehydration method, are widely reported to preserve the phytochemical integrity and antioxidant properties of medicinal plants more effectively.

“In addition to drying, the extraction method serves a critical function in determining the recovery of phytochemicals and their antioxidant activity. Solvent polarity, extraction time, temperature and method (e.g., maceration, reflux, ultrasound-assisted extraction) all contribute to the efficiency of phytochemical recovery” (Chew et al., 2011; Lezoul et al., 2020). Solvent polarity significantly affects both the composition of extracted compounds and the resulting antioxidant activity (Pham et al., 2015). “Polar solvents like ethanol, methanol and water are commonly used to extract phenolics and flavonoids, but their efficiency varies based on the polarity and structure of target compounds” (Anakwuru et al., 2011; Justine et al., 2019; Lezoul et al., 2020). “Previous studies on other medicinal herbs have demonstrated that the interaction between drying and extraction conditions significantly affects antioxidant capacity and bioactive yield” (Elshaafi et al., 2020; Justine et al., 2019). However, such interactions remain insufficiently explored in P. minor. To fully utilize P. minor as a high value functional ingredient, it is essential to understand how these factors influence its antioxidant and phytochemical composition.

Given these considerations, the present study aims to investigate the effects of different drying techniques (oven drying at various temperatures, ambient drying and freeze drying) and extraction solvents (70% methanol and distilled water) on the antioxidant activity and phytochemical composition of P. minor. The findings will contribute to the development of standardized postharvest and extraction protocols that could support the commercialization and scientific advancement of P. minor-based nutraceuticals and functional food products.


2. material and methods

2.1 Preparation of plant materials 

Fresh aerial parts of P. minor, harvested at 16 weeks of maturity, were obtained from a commercial farm located in Bukit Lagong, Batu Caves, Selangor, Malaysia. Upon arrival at a packing house, the samples were immersed in a clean water bath to eliminate dirt and contaminants, followed by a sanitation process using chlorinated water at a concentration of 150 ppm for 30 seconds.

To investigate the effects of different drying methods, six techniques were applied: oven drying at four temperatures (40°C, 50°C, 60°C and 70°C), ambient drying and freeze drying. Oven drying was performed using a Memmert oven (Germany), while freeze drying was conducted using a Labconco freeze dryer (USA). The drying duration varied depending on the technique applied: oven drying at 40°C (O40) required 52 hours, at 50°C (O50) 10.5 hours, at 60°C (O60) 7 hours, and at 70°C (O70) 4.5 hours. In contrast, ambient drying (AD) was performed over 169 hours, while freeze drying (FD) was completed in 96 hours. All samples were dried to a final moisture content of 8–10%. They were subsequently ground into fine powder (0.25 mm particle size) and sealed in aluminium foil pouches until further analysis.


2.2 Preparation of crude extracts

The powdered P. minor samples were extracted with 70% methanol at a 1:10 (w/v) ratio using an ultrasonication-assisted method (JAC Ultrasonic, Korea), operating at high power (300 W) within a temperature range of 40–50°C. After a 1-hour extraction period, the mixtures were centrifuged at 10,000 rpm for 15 minutes using a centrifuge (Heraeus Multifuge X3R, Germany) to separate the supernatant from the sediment. For aqueous extraction, a reflux method was employed using a Soxhlet apparatus (Glas-Col, USA). The powdered sample was mixed with distilled water at a 1:10 (w/v) ratio and subjected to continuous extraction at 100°C for 4 hours. Following extraction, the mixture was filtered through Whatman No. 1 filter paper to separate the supernatant. The resulting aqueous extract was then concentrated using a rotary evaporator (Buchi, Switzerland) and subsequently freeze-dried for further analysis.


2.3 Determination of antioxidant activity

2.3.1 DPPH radical scavenging

“The scavenging activity of the test samples on 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals was evaluated according to our previous work” (Mirfat et al., 2024a). Various concentrations of P. minor extracts in methanol were prepared to give a final volume of 7 μL and were mixed with 280 μL of methanolic solution containing DPPH radicals resulting in a final concentration of 0.06 mM. The reaction mixture was vigorously shaken and left to stand for 30 minutes in the dark. The negative control contained all reagents without the test samples, while methanol was used as a blank. The DPPH radical scavenging activity was determined by measuring the absorbance at 517 nm using a microplate reader (Eon Biotek, VT, USA). The percentage of inhibition of the DPPH radicals was calculated as follows:

Inhibition (%) = (Absorbance of control − Absorbance of test sample) / (Absorbance control) x 100%

A graph of the DPPH inhibition percentage of each sample against the sample concentration was plotted. The final results were expressed as IC50 value, which is the inhibitory concentration at which DPPH radicals were scavenged by 50%. All procedures were conducted in triplicates with a minimum exposure to light.

2.3.2 Ferric reducing antioxidant power 

[bookmark: _GoBack]Ferric reducing antioxidant power (FRAP) was assessed through the conversion of ferric-tripiridyltriazine (Fe3+-TPTZ) into a blue-colored ferrous form (Fe2+-TPTZ) (Mirfat et al., 2024a). The active FRAP reagent was made by combining 300 mM acetate buffer (pH 3.6), a 10 mM TPTZ (Sigma, USA) solution, and 20 mM ferric chloride hexahydrate (FeCl3.6H2O) (Sigma, USA) in a 10:1:1 ratio, then heated to 37ºC in a water bath before use. Seven microliters of sample and twenty microliters of distilled water (dH2O) were combined with 200 microliters of FRAP reagent and incubated at 37ºC for four minutes. The absorbance of the reaction solution was assessed at 593 nm relative to a blank. Ferrous sulfate heptahydrate (FeSO4.7H2O) served as a reference standard (100-1000 mM) for creating a calibration curve. The ultimate findings were presented as the concentration of antioxidants demonstrating ferric-reducing ability in Fe μmoL/mg of sample


2.4 Determination of phytochemical content

2.4.1 Total phenolic content

Total phenolic content of the test samples was estimated according to the Folin–Ciocalteau colourimetric method as described in our previous work (Mirfat et al., 2024a). Briefly, a 50 μL test sample was mixed with 100 μL Folin Ciocalteau’s phenol reagent. After 3 minutes, 100 μL 10% sodium carbonate (Na2CO3) was added to the reaction mixture and allowed to stand in the dark for 60 minutes. The analysis was carried out in triplicates with a minimum exposure of light. The resulting blue-coloured complex was measured at 725 nm against a blank. Gallic acid was used as a reference standard and the content of total phenol was expressed in gallic acid equivalents (GAE) in milligram per g samples through the calibration curve.

2.4.2 Total flavonoid content

The aluminium chloride method was used for the determination of total flavonoids following a previously reported by Mirfat et al. (2024a). An aliquot of 30 μL of extract was diluted with 120 μL dH2O. Initially, 9 μL 5% sodium nitrite (NaNO2) solution was added and allowed to react for 5 minutes. Then, 9 μL 10% aluminum chloride (AlCl3) solution was added and left to stand for 5 minutes. Finally, 60 μL sodium hydroxide (NaOH) and 72 μL dH2O were added, and the mixture was well-mixed with a vortex. All samples were analyzed in triplicates and the absorbance was measured immediately at 510 nm against a blank. The total flavonoid content was calculated from the calibration curve using rutin as a standard reference. The data were expressed as rutin equivalents (RE) in milligram per g samples.


 2.5 Identification of quercetin-3-O-glucuronide and quercitrin

[bookmark: _Hlk201789924]Quantification of two key flavonoid compounds, quercetin-3-O-glucuronide (Q3G) and quercitrin was performed using high performance liquid chromatography (HPLC) (Mirfat et al., 2024b). The analysis was conducted on an Agilent 1290 Infinity Series system equipped with a quaternary pump, vacuum degasser, diode array detector (DAD), autosampler and column oven. Separation was achieved on an XBridge C18 column (150 mm × 4.6 mm, 3.5 µm; Waters, USA) maintained at 40°C. The mobile phases consisted of water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B), delivered in a binary linear gradient: 0 min – 11% B; 10 min – 12% B; 30 min – 40% B; 35 min – 90% B; 37 min – 90% B; 40 min – 11% B. The column was re-equilibrated with 11% B for 10 minutes prior to the next injection. All solvents were of HPLC grade. The flow rate was set at 1.3 mL/min, and the injection volume was 5 µL. Detection was carried out at 375 nm using the DAD. The retention times for Q3G and quercitrin were 11.9 minutes and 15.9 minutes, respectively. Identification and quantification of these target compounds in all extract samples were accomplished based on their characteristic retention times and comparison with standard calibration curves generated from authenticated external standards.

2.6 Statistical analysis

All experiments were carried out in triplicates and presented as means ± standard deviations (SD). The data were statistically analyzed by analysis of variance (ANOVA) and Tukey’s post hoc test using SPSS software, version 20 (SPSS Inc; Chicago, IL, USA). A value of P<0.05 was considered to be statistically significant.


3. results and discussion

3.1 Antioxidant activity 
Persicaria minor has been highlighted as a promising source of antioxidants in many previous studies (Abdullah et al., 2017; Lau et al., 2020; Vimala et al., 2011). In agreement with this, Christapher et al. (2015) reported that its methanolic extracts demonstrated strong antioxidant activity in both DPPH radical scavenging and ferric reducing antioxidant power (FRAP) assays. This activity was largely attributed to the presence of various antioxidant constituents, particularly polyphenols such as flavonoids, phenolic acids and tannins. In the present study (Table 1), the antioxidant activity of P. minor extracts prepared using different drying methods and solvents (70% methanol and distilled water) was assessed through DPPH radical scavenging activity (IC50) and FRAP assays. “A strong antioxidant capacity is reflected by low IC50 values and high FRAP measurement. Since scavenging activity is inversely related to IC50, values below 10 mg/mL are considered indicative of effective antioxidant potential” (Lee et al., 2007).

Among the methanolic extracts, freeze drying (FD), oven drying at 40°C (OD40) and ambient drying (AD) produced the strongest antioxidant activity, with the lowest IC50 values (2.012, 2.276 and 2.519 mg/mL, respectively). Conversely, samples subjected to higher oven drying temperatures (OD60 and OD70) showed markedly reduced antioxidant capacity, with IC50 values exceeding 9.5 mg/mL, suggesting a substantial degradation of thermolabile antioxidant constituents. According to ElGamal et al. (2023), thermal degradation of phenolics accelerates sharply at elevated temperatures primarily due to the oxidation of thermolabile compounds, as evidenced in a study of eight medicinal plants where oven drying at 70°C led to significantly greater losses of phytochemicals and antioxidant potential compared to freeze-drying. Besides thermal degradation, increased polyphenol oxidase activity during high temperature drying further accelerates the breakdown of phenolic compounds, leading to diminished antioxidant activity (Hu et al., 2021). 

A similar pattern was observed for P. minor aqueous extracts. The OD40 and FD samples showed the lowest IC50 values (2.104 and 2.453 mg/mL), indicating a strong activity, while samples dried at higher temperatures, particularly OD50 and OD60 had significantly (P<0.05) higher IC50 values (>10 mg/mL), suggesting a weaker antioxidant activity. These findings align with Elshaafi et al. (2020), who reported that thermal degradation is the primary factor contributing to the significant decline in antioxidant activity at elevated drying temperatures. Oven drying at 50°C and above resulted in lower antioxidant activity and phytochemical content in fig (Ficus carica) leaves, suggesting that the decline was due to the degradation of heat-sensitive phenolic and flavonoid compounds (Elshaafi et al., 2020).

FRAP values further corroborated the DPPH findings. Methanolic OD40 and FD extracts showed the highest reducing power (10.198 and 9.878 μmol/mg, respectively), compared to samples dried at higher temperatures. OD70, OD60 and OD50 methanolic extracts exhibited significantly (P<0.05) lower FRAP values (2.418, 1.659 and 1.811 μmol/mg, respectively). Interestingly, in the aqueous extracts, OD40 showed the highest FRAP activity across all samples (16.451 μmol/mg), surpassing even methanolic extracts. Conversely, OD60 and OD70 samples had the weakest reducing power, suggesting possible thermal breakdown of antioxidant constituents. These result indicate that water was highly effective in extracting certain polar antioxidant compounds, such as phenolics, especially under low temperature drying conditions. This observation is consistent with the findings of Altemimi et al. (2017), who reported that water-soluble extracts of the herbaceous plant Dracocephalum moldavica exhibited strong antioxidant activity, largely attributed to polar phenolic compounds such as caffeic acid and rosmarinic acid. Furthermore, Tripathi et al. (2025) found a strong positive correlation between high polarity solvents (such as water) and enhanced antioxidant capacity, confirming the high affinity of potent antioxidant compounds for more polar environments. 

In summary, low temperature oven drying at 40°C and freeze drying were the most effective methods for preserving the antioxidant activity of P. minor in both methanolic and aqueous extracts. The enhanced retention observed in OD40 and FD samples is likely attributed to minimal thermal degradation of phenolics and flavonoids during processing. In contrast, exposure to elevated temperatures, especially during oven drying at ≥50°C, reduced antioxidant potential, suggesting thermal degradation or transformation of key antioxidant compounds. While both extraction solvents were effective, aqueous extracts from OD40 samples showed particularly stronger reducing power, indicating that water may be more suitable for extracting certain water-soluble antioxidants under mild drying conditions.


Table 1. Effect of drying methods and extraction solvents on the antioxidant activity of P. minor extracts
	
Sample
	DPPH radical scavenging activity, IC50 (mg/mL)
	Ferric reducing antioxidant power (μmoL/mg)

	70% methanol
	OD40
	2.276 a
	10.198 b

	
	OD50
	5.642 b
	1.811 d

	
	OD60
	9.593 c
	1.659 d

	
	OD70
	9.872 c
	2.418 d

	
	AD
	2.519 a
	7.363 c

	
	FD
	2.012 a
	9.878 b

	Distilled water
	OD40
	2.104 a
	16.451 a

	
	OD50
	10.153 d
	9.953 b

	
	OD60
	12.929 d
	3.285 d

	
	OD70
	5.676 b
	1.062 d

	
	AD
	8.778 cd
	6.539 c

	
	FD
	2.453 a
	10.723 b


*O40: oven drying at 40°C; O50: oven drying at 50°C; O60: oven drying at 60°C; O70: oven drying at 70°C; AD: ambient drying; FD: freeze drying; means in each column marked by the same letter are not significantly different at P<0.05 according to Tukey’s test. 


3.2 Phytochemical content

Phenolic compounds, including flavonoids, are synthesized through the phenylpropanoid pathway and represent one of the most abundant and widely distributed classes of plant secondary metabolites (Passo Tsamo et al., 2015). To evaluate the effect of different drying methods and extraction solvents on the phytochemical composition of P. minor, total phenolic content (TPC) and total flavonoid content (TFC) were quantified.

As shown in Table 2, both the drying method and the choice of extraction solvent significantly (P<0.05) affected TPC and TFC of P. minor extracts. Among the methanolic extracts, OD70, FD and OD40 produced the highest TPC (10.812, 10.674 and 10.045 mg GAE/g, respectively). These results indicate that while extreme low temperatures (FD) effectively preserve phenolics, certain high temperature conditions like OD70 may also facilitate the release or transformation of heat stable phenolic compounds. This is in line with Justine et al. (2019) who reported that thermal drying can enhance the release of cell wall-bound phenolics through the breakdown of cellular structures, thus improving the extract yield. Additionally, thermal processing can inactivate polyphenol oxidase, thereby contributing to the preservation of these compounds. However, in the present study, OD70 was notably less effective in preserving flavonoids (2.497 mg RE/g), highlighting their thermolabile nature and sensitivity to high temperatures. Justine et al. (2019) also noted that flavonoids are particularly sensitive to thermal degradation during drying. The highest TFC was recorded in low temperature oven drying, OD40 (7.244 mg RE/g), followed by AD (5.408 mg RE/g) and FD (5.171 mg RE/g), indicating that milder drying conditions are preferable for retaining flavonoid compounds. This is further supported by Saifullah et al. (2019), who demonstrated that freeze drying of lemon myrtle (Backhousia citriodora) leaves retained higher TFC and antioxidant activity compared to hot air drying at 50°C, 70°C and 90°C, as well as vacuum, microwave, sun and shade drying methods.

A similar pattern was observed in aqueous extracts, where both OD40 and FD again demonstrated effective preservation of TPC (13.693 and 13.648 mg GAE/g, respectively) (Table 2). Consistent with the FRAP results, aqueous extracts exhibited higher TPC levels than their methanolic counterparts, suggesting that phenolic compounds may play a central role in the observed antioxidant activity. This finding aligns with Pham et al. (2015), who reported that water was the most effective solvent for extracting phenolics from medicinal plant Helicteres hirsuta leaves, followed by methanol. The higher affinity of these compounds for polar solvents likely accounts for this extraction efficiency. OD40 also yielded the highest TFC (3.882 mg RE/g), followed closely by FD (3.831 mg RE/g). These phytochemical trends are consistent with the antioxidant results, where extracts obtained through OD40 and FD showed stronger antioxidant activity, compared to other drying treatments. These findings are in agreement with Elshaafi et al. (2020) who reported that drying fig (F. carica) leaves at 40°C exhibited the strongest correlation between TPC, TFC and antioxidant capacity. Conversely, samples subjected to higher oven temperatures exhibited substantial reductions in TPC and TFC, which correlated with a weakened antioxidant capacity. While Elshaafi et al. (2020) found that oven drying at 40°C best preserved the antioxidant properties, Saifullah et al. (2019) reported that freeze drying yielded the highest phytochemical content in lemon myrtle (B. citriodora) leaves. Although the optimal methods differed, both studies emphasize the effectiveness of gentle drying approaches in preserving heat-sensitive phytochemical compounds.

Overall, low temperature oven drying (40°C) and freeze drying emerged as the most favorable techniques for preserving both phenolics and flavonoids in P. minor. These methods were particularly effective in retaining thermolabile bioactive compounds, especially when paired with polar solvents like 70% methanol an distilled water, thereby optimizing the phytochemical yield of the extracts.


Table 2. Effect of drying methods and extraction solvents on the phytochemical content of P. minor extracts
	
Sample
	Total phenolic content
(mg GAE/g) 
	Total flavonoid content 
(mg RE/g)

	70% methanol
	OD40
	10.045 ab
	7.244 a

	
	OD50
	4.855 c
	2.628 c

	
	OD60
	3.769 c
	2.057 cd

	
	OD70
	10.812 ab
	2.497 c

	
	AD
	8.311 b
	5.408 b

	
	FD
	10.674 ab
	5.171 b

	Distilled water
	OD40
	13.693 a
	3.882 b

	
	OD50
	12.263 a
	3.548 b

	
	OD60
	9.264 b
	2.228 c

	
	OD70
	9.045 b
	1.851 d

	
	AD
	11.756 ab
	2.931 bc

	
	FD
	13.648 a
	3.831 b


*O40: oven drying at 40°C; O50: oven drying at 50°C; O60: oven drying at 60°C; O70: oven drying at 70°C; AD: ambient drying; FD: freeze drying; means in each column marked by the same letter are not significantly different at P<0.05 according to Tukey’s test. 


[bookmark: _Hlk201790327]3.3 Quercetin-3-O-glucuronide and quercitrin
The HPLC chromatogram confirmed the presence of quercetin-3-O-glucuronide (Q3G) and quercitrin based on their respective retention times (Figure 1).  Quercetin-3-O-glucuronide (Q3G) and quercitrin were identified at retention times (tR) of 11.9 and 15.9 minutes, respectively, with their general molecular structures illustrated in Figure 2.
In P. minor, the predominant phenolic compounds are flavonoids, particularly glycosides of the flavonol quercetin. Figure 3 highlights the concentration of Q3G, one of the major quercetin derivatives identified in this species. It was observed that both the drying technique and solvent type significantly influenced Q3G retention. In methanolic extracts, FD and OD40 exhibited the highest Q3G levels with 4.877 mg/g and 4.324 mg/g, respectively. Conversely, samples subjected to higher drying temperatures (OD50, OD60 and OD70) showed markedly reduced Q3G concentrations. According to Saifullah et al. (2019), hot air oven drying temperatures exert varying effects on individual phenolic compounds, likely due to their distinct molecular structures that influence their susceptibility to oxidation, enzymatic degradation and other thermal reactions. The same study also reported that freeze-dried lemon myrtle (B. citriodora) leaves contained the highest concentration of gallic acid, followed by those subjected to hot air drying (≥50°C) and other conventional drying methods.
Aqueous extracts followed a comparable trend (Figure 3), with FD yielding the highest Q3G content (8.988 mg/g) across all drying treatments. Interestingly, AD also retained relatively high levels of Q3G (8.151 mg/g), although not as consistently as FD and OD40. This may be due to the slower drying rate at room temperature, which helps prevent heat damage and better preserves sensitive compounds. Similarly, Hu et al. (2021) reported that ambient (air) drying effectively preserves flavonoids in mulberry (Morus sp.) leaves, likely due to its gradual moisture removal. The slower drying process may allow mesophyll cells to stay active longer, continuing to convert intermediate metabolites into flavonoids and increasing their levels. Meanwhile, the consistently higher Q3G levels in aqueous extracts compared to methanolic extracts may also suggest a greater solubility or extractability of Q3G in water, potentially due to its highly polar glucuronide moiety. According to Srinivas et al. (2010), quercetin works better as an antioxidant in a water-soluble phase than in a lipid-soluble phase, up to eight times greater. This is because quercetin with sugar groups (like glucosides or glucuronides) has lower octanol–water partition coefficient compared to quercetin aglycone, indicating greater water solubility. Given that water has a higher polarity than methanol, it is more effective in extracting highly polar flavonoids such as Q3G and quercitrin.
These observations reflect the thermolabile and polar characteristics of Q3G, which favour both aqueous extraction and retention under low or non-thermal drying conditions. Freeze drying, which employs low temperatures and vacuum, was particularly effective in stabilizing Q3G, especially in aqueous extracts. Likewise, OD40 and AD served as practical alternatives by minimizing thermal degradation during processing. 
Similar to Q3G, freeze drying yielded the highest quercitrin concentrations in both methanolic and aqueous extracts (Figure 4). In methanolic extracts, FD (1.148 mg/g) demonstrated quercitrin levels comparable to those of OD40 (1.029 mg/g), both of which retained higher concentrations compared to higher temperature treatments (OD50, OD60 and OD70). Notably, aqueous extraction was more effective than methanolic extraction in recovering quercitrin, particularly under FD and AD conditions, which yielded the highest concentrations at 1.693 mg/g and 1.447 mg/g, respectively. The enhanced retention observed under FD and AD further highlights the importance of gentle drying methods in preserving heat-sensitive flavonoids in P. minor. These results suggest that, due to its polar glycosidic structure, quercitrin is more efficiently extracted with water under low-temperature or mild drying conditions. In addition, the flavonoid compound also possesses multiple hydroxyl groups that confer high polarity, making it more soluble in polar solvents like water. This structural characteristic explains the superior extraction efficiency and higher recovery of flavonoids observed with water-based extractions (Kabubii et al., 2023).
The present study reaffirms that combining gentle drying methods, particularly freeze drying and low temperature oven drying (40°C) with water extraction, offers an optimal strategy for maximizing the recovery of Q3G and quercitrin in P. minor. Water is a preferred solvent due to its non-toxic, environmentally friendly and cost-effective nature compared to methanol (Lezoul et al., 2020). While freeze drying consistently offers effective phytochemical retention, its high energy demand and operational cost make it less feasible for large scale production. In contrast, oven drying P. minor at 40°C presents a more practical and cost-effective alternative. It consumes significantly less energy and offers simpler operation and process control, along with the added benefit of a shorter drying duration (52 hours). This makes it more viable option for industrial settings where cost-efficiency and bioactive compound preservation are critical.
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Fig. 1. HPLC chromatographic profile of quercetin-3-O-glucuronide, quercitrin reference standard and P. minor extract
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	Quercetin-3-O-glucuronide
	Quercitrin


Fig. 2. Molecular structures of quercetin-3-O-glucuronide and quercitrin




Fig. 3. Quercetin-3-O-glucuronide (Q3G) content in P. minor extracts

O40: oven drying at 40°C; O50: oven drying at 50°C; O60: oven drying at 60°C; O70: oven drying at 70°C; AD: ambient drying; FD: freeze drying. Values with the same letter are not significantly different (P<0.05) according to Tukey’s test




Fig. 4. Quercitrin content in P. minor extracts

O40: oven drying at 40°C; O50: oven drying at 50°C; O60: oven drying at 60°C; O70: oven drying at 70°C; AD: ambient drying; FD: freeze drying. Values with the same letter are not significantly different (P<0.05) according to Tukey’s test 


4. Conclusion

This study provides a strong foundation for developing optimized postharvest and extraction protocols for P. minor, particularly when targeting high value antioxidant compounds for functional food and nutraceutical applications. Low temperature oven drying at 40°C proved to be the most effective method for enhancing antioxidant activity and phytochemical yield, particularly in aqueous extracts. Freeze drying, on the other hand, was superior in preserving key flavonoids such as quercetin-3-O-glucuronide (Q3G) and quercitrin, highlighting its effectiveness in retaining heat-sensitive compounds. However, oven drying serves as a more practical and cost-effective alternative for industrial scale applications. Aqueous extraction, when combined with gentle drying techniques, is a viable and eco-friendly alternative for recovering the bioactive compounds, aligning with the increasing demand for green extraction technologies. Future research should explore scaling up low temperature drying techniques and validating the stability of preserved compounds during long term storage and formulation development. Investigations into synergistic effects between different phenolic and flavonoid compounds in P. minor extracts may further clarify the mechanisms underlying their antioxidant activity.
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