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Effect of Heating Time on Phenolic Compounds, Flavonoids, and Antioxidant Activity of Aqueous Leaf Extracts of Eucalyptus camaludensis Used as Biopesticides in Market Gardening in Burkina Faso

ABSTRACT
The use of aqueous extracts of Eucalyptus camaldulensis as biopesticides requires a preliminary concentration step involving prolonged heating of the extracts. The aim of this study was to evaluate the effect of heating duration on the total phenolic content and total flavonoid content of the aqueous leaf extract of Eucalyptus camaldulensis. Aqueous extracts obtained by hydrodistillation of Eucalyptus camaldulensis leaves were heated under reflux for 0, 1, 2, 3, and 4 hours, then lyophilized. Flavonoids were identified using HPTLC. Total phenolic compounds, condensed tannins, and total flavonoids were determined using the Folin–Ciocalteu reagent, sulfuric vanillin, and aluminum trichloride methods, respectively. Antioxidant activity was evaluated using the DPPH radical-scavenging assay. After 4 hours of heating, the contents of total phenolics, condensed tannins, and antioxidant activity decreased simultaneously, whereas the flavonoid content increased accordingly. Total phenolic content decreased from 185.34 ± 7 to 146.95 ± 7 mg GAE/g of dry extract; condensed tannins decreased from 23.3 ± 1.4 to 13.02 ± 1.2 mg CE/g of dry extract. In contrast, flavonoids increased from 55.99 ± 0.03 to 73.11 ± 0.08 mg QE/g of dry extract. IC₅₀ values increased from 20.67 ± 0.5 to 56.33 ± 9 µg/mL, indicating a reduction in antioxidant activity with longer heating duration. This study shows that the extract concentrated after 4 hours of heating retains about 80% of its phenolic compounds, suggesting that it can be used in a biopesticide formulation.
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1. INTRODUCTION 
Agriculture in general and market gardening in particular faces numerous challenges, such as increasing food supply while ensuring agricultural production that guarantees food safety, nutritional quality, and environmental protection (Ouédraogo et al., 2019). Organic agriculture is therefore viewed worldwide as a sustainable agricultural practice. However, like conventional agriculture, it still faces the challenge of managing pests that threaten crop production. Farmers must constantly protect their crops against attacks from pests and diseases that can compromise a significant portion of the harvest (Sankara, 2021). In conventional agriculture, crop protection relies heavily on synthetic pesticides, whose use at high doses increases the risks of residual toxicity and environmental pollution (Regnault-Roger, Vincent, and Arnason, 2012). In contrast, organic agriculture promotes the use of biopesticides, such as plant extracts. Several plant species are known to possess pesticidal properties against agricultural pests. The pesticidal activity of these plant extracts is linked to the presence of bioactive molecules such as phenolic compounds particularly flavonoids that exhibit interesting biological properties, including antibacterial, antifungal, antimicrobial, nematicidal, molluscicidal, and insecticidal activities (Benchiha et al., 2015; Schnarr et al., 2022).
Among these pesticidal plant species is Eucalyptus camaldulensis, whose aqueous leaf extracts obtained from hydrodistillation often discarded after essential oil extraction contain numerous bioactive molecules, including phenolic compounds, and are used in biopesticide formulations. During the preparation of these formulations, the aqueous extract is concentrated through heating. However, prolonged exposure of bioactive molecules to heat may lead to their degradation. Although some extraction methods involve direct heating to concentrate the extract, the potential influence of heat on the active compounds in these extracts remains poorly documented.
2. MATERIALS AND METHODS
2.1. Plant material
Fifteen kilograms (15 kg) of Eucalyptus camaldulensis leaves were collected from the site of Nazi BONI University (UNB) (latitude 11°11.7750’N longitude 4°23.202’0) in Bobo-Dioulasso, Burkina Faso. They were rinsed with distilled water and then dried in the shade for one week.
2.2. Methods 
2.2.1. Preparation of Dry Extracts
Essential oils from Eucalyptus camaldulensis leaves were extracted by hydrodistillation using an alembic apparatus (Moutchou et al., 2024). The aqueous phase recovered after hydrodistillation was filtered through filter paper. Five aliquots of 200 mL each were collected and heated under reflux. The samples were heated for 1, 2, 3, and 4 hours, respectively. After heating, the mixtures were centrifuged and subsequently lyophilized to obtain dry extracts.
2.2.2. Determination of Extract pH
The pH of the extracts was measured prior to heating using a digital Cambo‑type pH meter.
2.2.3. HPTLC Detection of Flavonoids
For the detection of flavonoids, each extract was prepared at a concentration of 10 mg/mL (Přikryl et al., 2018). A volume of 10 µL of each sample was applied to a silica gel 60 HPTLC plate (20 × 10 cm). The mobile phase consisted of formic acid/acetic acid/water/ethyl acetate (11:11:26:100, v/v/v/v). After development, plates were dried, sprayed with Neu’s reagent, and visualized under UV light at 365 nm.
2.2.4. Determination of Total Phenolic Content
Total phenolic content was quantified using the Folin–Ciocalteu method (Ainsworth & Gillespie, 2007). For each analysis, 200 µL of Folin–Ciocalteu reagent (10-fold diluted in water) were added to 100 µL of plant extract (1 mg/mL in water). After mixing, 800 µL of Na₂CO₃ solution (0.7 M) were added. The reaction mixtures were transferred to microplate wells (200 µL/well) in triplicate and incubated at 28 °C for 2 hours. Absorbance was recorded at 765 nm using a MULTISKAN SkyHigh microplate reader (Thermo Scientific). A blank containing reagent without extract was used for calibration. Total phenolic content was calculated from a gallic acid calibration curve (y = 167.64x + 0.0252; R² = 0.997) and expressed as milligrams of gallic acid equivalents per gram of dry extract (mg GAE/g). All samples were analyzed in triplicate.
2.2.5. Determination of Condensed Tannins
Condensed tannins were quantified following the method described by Julkunen‑Titto (1985)(Sitapha, 2022). A volume of 132 µL of 4% vanillin prepared in 70% sulfuric acid was added to 66 µL of appropriately diluted extract. After vigorous mixing, the reaction mixture was incubated in a water bath at 30 °C for 15 minutes. Absorbance was measured at 500 nm using a MULTISKAN SkyHigh spectrophotometer (Thermo Scientific). All assays were performed in triplicate. Tannic acid was used as the calibration standard (y = 0.032x + 0.0064; R² = 0.9995). Results were expressed as milligrams of tannic acid equivalents per gram of dry extract (mg TAE/g).
2.2.6. Determination of Total Flavonoid Content
Total flavonoid content was evaluated using the aluminum chloride (AlCl₃) colorimetric assay adapted to microplates (Pękal & Pyrzynska, 2014). In hemolysis tubes, 0.5 mL of 2% AlCl₃ solution (w/v in methanol) was mixed with 0.5 mL of plant extract (1 mg/mL in methanol). The mixtures were transferred in triplicate to a 96‑well microplate (200 µL/well) and incubated at 28 °C for 10 minutes. Absorbance was measured at 415 nm using a MULTISKAN SkyHigh spectrophotometer. A methanolic AlCl₃ solution served as the blank. Flavonoid concentrations were determined using a quercetin calibration curve (y = 190.93x + 0.0362; R² = 0.999) and expressed as milligrams of quercetin equivalents per gram of dry extract (mg QE/g). All measurements were performed in triplicate.
2.2.7. Antiradical Activity of the Extracts (DPPH Assay)
The antiradical activity of the extracts was determined using the DPPH assay adapted for microplates (Rumpf & Schulze, 2023). Serial dilutions of the samples were prepared in triplicate in the microplate to final concentrations ranging from 0.1 to 0.0016 mg/mL. To each well, 100 µL of methanol or 100 µL of freshly prepared DPPH solution (0.2 mM in methanol) were added to 100 µL of sample. The plate was incubated at 28 °C for 20 minutes before reading absorbance at 515 nm. Inhibition percentages were calculated for each concentration, and IC₅₀ values (µg/mL) were obtained by linear regression. Concentrations showing inhibition above 90% were excluded due to saturation effects.
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3. RESULTS AND DISCUSSION
3.1. pH
The pH of the extracts measured before heating was 4.16. This indicates that the extracts are slightly acidic. This acidity could be due to the presence of phenolic acids. Studies have shown that extracts from Eucalyptus leaves contain molecules such as gallic acid, chlorogenic acid, (SANKARA, 2021).
3.2. Thin-Layer Chromatography (TLC) of the Extracts
HPTLC analysis of the five samples revealed the presence of flavonoids. All extracts showed six major bands with identical front ratios (Figure 1). Yellow and yellow-orange bands observed at 365 nm after spraying with Neu’s reagent are characteristic of flavonoids ((N et al., 2024) Milojković Opsenica et al., 2016). Blue‑orange, orange, and yellow spots with Rf values of 0.31, 0.56, and 0.65, respectively, further confirm the presence of flavonoids. The blue spot observed after revelation with Neu’s reagent, with an Rf of 0.87, may correspond to a phenolic acid or a flavonoid.
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Figure 1 : Chromatogram of samples and standards observed under UV/365 nm after spraying with Neu’s reagent.
EC0: initial extract; EC1: extract heated for 1 h; EC2: extract heated for 2 h;
EC3: extract heated for 3 h; EC4: extract heated for 4 h; Q: quercetin; R: rutin; Ep: epicatechin
Analysis of the fluorescence spectrum of our samples obtained by HPTLC showed a decrease in the fluorescence intensity of the molecules with an Rf of 0.56 by approximately 0.03 AU starting from the 3rd hour of heating (Figure 2). This suggests that a structural modification of some of these fluorescent compounds may occur during heating. Thus, although the HPTLC chromatogram shows an identical chromatographic profile for all samples, prolonged heating may affect certain fluorescent molecules, which would explain the decrease in absorption intensity after 3 hours of heating.
Figure 2: fluorescence spectrum of the bands of extracts and standards obtained in HPTLC
Q
R
EP
EC0
EC1
EC2
EC3
EC4

3.3. Evaluation of Total Phenolic Content (TPC), Condensed Tannins (CT), and Total Flavonoids (TFC)
Table I presents the total phenolic content (TPC), condensed tannins (CT), and total flavonoid content (TFC) of the aqueous extract during the concentration process.
The results show that prolonged heating influences the levels of phytoconstituents, particularly phenolic compounds, condensed tannins, and flavonoids.
Analysis of total phenolic content revealed a decrease from 185.34 ± 7 mg GAE/g (EC0) to 146.95 ± 7 mg GAE/g (EC4), corresponding to 20.71% reduction between the beginning and the end of the concentration process (Table I). This decrease may be explained by thermal degradation of certain phenolic compounds. However, most phenolic compounds in the aqueous extract of Eucalyptus camaldulensis appear thermostable at approximately 100 °C under the heating duration used.
The degradation of some phenolic molecules may lead to the formation of new phenolic derivatives. For example, quercetin can degrade into 2,4,6‑trihydroxybenzoic acid and 2-(3,4-dihydroxyphenyl)-2-oxoacetic acid (Buchner et al., 2006). Glycosylation and a low number of hydroxyl groups increase thermal resistance of phenolic molecules (Chaaban et al., 2017). Several studies also report that some phenolic compounds degrade into other phenolic forms for instance, degradation of quercetin can yield gallic acid. Formation of hydrogen bonds or van der Waals interactions may also contribute to increasing thermal stability. Additionally, the formation of Maillard reaction products during heating may mask the real decrease in phenolic content, since these products can form complexes with the Folin–Ciocalteu reagent (Zhang et al., 2010), artificially increasing measured values.

Table I: Total phenolic content (TPC), condensed tannins (CT), and total flavonoid content (TFC) of the aqueous extract during heating.
	Extracts
	
	TPC
(mg GAE/g dry extract)
	
	CT
(mg TAE/g dry extract)
	
	TFC
(mg QE/g dry extract)

	EC0
	
	185.34 ± 7
	
	23.3 ± 1.4
	
	55.34 ± 0.03

	EC1
	
	172.42 ± 1
	
	19.91 ± 0.2
	
	55.89 ± 0.18

	EC2
	
	169.39 ± 0.05
	
	17.88 ± 0.4
	
	69.61 ± 0.27

	EC3
	
	161.18 ± 3
	
	15.04 ± 0.8
	
	70.84 ± 0.11

	EC4
	
	146.95 ± 7
	
	13.02 ± 1.2
	
	73.11 ± 0.08


EC0: initial extract; EC1: heated for 1 h; EC2: heated for 2 h; EC3: heated for 3 h; EC4: heated for 4 h.
HPTLC analysis indicated that the extracts may contain gallic acid (Figure 1). Under heat, carboxylic acids may undergo decarboxylation, producing carbon dioxide that escapes from the reaction medium (Figure 3). This degradation could partly explain the decrease in total phenolic content.


Figure 3: Thermal decarboxylation mechanism of gallic acid
The content of condensed tannins decreased by 44.14% during heating, dropping from 23.31 ± 1.4 to 13.02 ± 1.2 mg TAE/g of extract (Table I). A low pH, boiling conditions, and prolonged heating time all promote partial degradation of condensed tannins (Li et al., 2019; Vangeel et al., 2023), which may explain their progressive decrease over time. Studies have shown that phloroglucinol (which can form through rearrangement of pyrogallols) can act as a nucleophile in the acid‑catalyzed depolymerization of condensed tannins under heat.
Total flavonoid content increased by 32.11%, rising from 55.34 ± 0.03 to 73.11 ± 0.08 mg QE/g of dry extract (Table I). This increase can be explained in two different ways.
First, the degradation of certain phenolic compounds such as tannins may produce new phenolic molecules that absorb at the same wavelength as flavonoids. Additionally, the conversion of condensed tannins into flavonoids under the combined effect of heat and pH may account for the increase in flavonoids during heating. The extracts showed pH values between 4.16 and 4.17, an acidity level capable of catalyzing depolymerization of condensed tannins and producing monomers corresponding to flavonoid molecules (Zhang et al., 2017; Vangeel et al., 2023).
Second, flavonoids may exhibit thermal stability. Studies have shown that the total flavonoid content in celery remained unchanged after 300 min of heating at 100 °C. According to the authors, this stability results from the conversion of certain flavonoids into other flavonoid forms, such as the heat‑resistant transformation of apiin into apigenin‑7‑O‑glucoside at pH 3 (Hostetler et al., 2011).
Other research indicates that structural features such as the presence of a sugar moiety, the degree of hydroxylation, and the presence of a carbonyl group on ring C contribute to greater flavonoid stability. These features increase energy required for degradation. Thus, glycosylated flavonoids with fewer hydroxyl groups are the most heat‑resistant (Chaaban et al., 2017). This result differs from Chaaban et al. (2020), who reported a decrease in flavonoid content after 4 hours of heating at 180 °C.
Flavonoid degradation does not depend solely on temperature and heating duration; it also varies with other parameters such as pH, oxygen exposure, and the presence of other phytochemicals (Rein & Yliopistopaino, 2005). For example, chlorogenic acid in solution can protect flavonoids during heating (Rondan et al., 1984). Buchner et al. (2006) reported a 75% decrease in quercetin concentration after 300 min at 100 °C and pH 5, whereas rutin concentration remained almost unchanged under the same conditions. At pH 8, quercetin became undetectable after 240 min, while rutin showed only a 20% reduction (Buchner et al., 2006).
Flavonoids containing sugar moieties may also undergo hydrolysis, yielding the corresponding aglycones. This hydrolysis increases the number of hydroxyl groups, which enhances complex formation with AlCl₃ (Figure 4).
Studies have shown that flavonoids such as rutin and quercetin‑3,4'-diglucoside lose their sugar residues after prolonged exposure to heat (Figure 5) (Buchner et al., 2006; Chaaban, 2017).
The increase in flavonoid content (32.11%) may be beneficial, as numerous biological activities are attributed to flavonoids, including antibacterial, antifungal, antimicrobial, nematicidal, molluscicidal, insecticidal, herbicidal, algicidal, and anti‑barnacle effects (Benchiha et al., 2015; Gloria et al., 2019;(Ashraf et al., 2015) Schnarr et al., 2022). Studies have demonstrated that rutin, luteolin, morin, quercetin, and flavonoid‑rich extracts exert antibacterial and antifungal effects on microbial strains (Gloria et al., 2019).


Figure 4: AlCl₃ complexation mechanism


Figure 5: Thermal degradation mechanism of quercetin‑3,4'-diglucoside and corresponding formation of quercetin

3.3.1. Antiradical Activity of the Extracts (DPPH Method)
The antiradical activity obtained by the DPPH method and expressed as IC₅₀ values is presented in Table II.
The IC₅₀ values ranged from 20.667 µg/mL (EC0) to 56.333 µg/mL (EC4). The increase in IC₅₀ values indicates a decrease in antioxidant activity during heating. This reduction may be correlated with the decline in total phenolic content observed (Table I). The extracts exhibited a weaker DPPH radical‑scavenging capacity compared with the reference compound (Trolox), which showed an IC₅₀ value of 0.543 µg/mL under the same experimental conditions. Indeed, the higher the IC₅₀ value of an extract, the lower its antiradical capacity.
To establish a relationship between total phenolic content and antiradical activity, a correlation plot was constructed (Figure 6). The correlation coefficient R = 0.7814 obtained between total phenolic content and IC₅₀ values indicates that antiradical activity is closely related to the phenolic content of the extracts. This relationship may explain the increase in IC₅₀ values observed during heating. OUATTARA and al., (2023) also showed a significant correlation between the content of phenolic compounds and antioxidant activity(Ouattara et al., 2023)

Table II: IC₅₀ values of the extracts and Trolox
	Extracts
	
	Trolox
	
	EC0
	
	EC1
	
	EC2
	
	EC3
	
	EC4

	IC₅₀ (µg/mL)
	
	0.543 ± 0.5
	
	20.667 ± 4
	
	25.667 ± 3
	
	48 ± 3
	
	50.333 ± 6
	
	56.333 ± 9



.

Figure 6: Correlation curve between antioxidant activity and total phenolic content

4. CONCLUSION 
The issue of the effect of heating duration on total phenolic compounds and total flavonoids was addressed in this study. High‑performance thin‑layer chromatography analysis revealed the presence of flavonoids in all extracts obtained throughout the heating process. The results showed that after 4 hours of heating, total phenolic content and condensed tannins decreased by 20.71% and 44.14%, respectively, while total flavonoid content increased by 32.11%.
Determination of IC₅₀ values indicated a decrease in antiradical activity, with values ranging from 20.66 to 56.33 µg/mL during heating. This reduction in antiradical activity was correlated with the decline in total phenolic content over time.
The extract concentrated after 4 hours retained approximately 80% of its phenolic compounds, suggesting that it can be used in the formulation of a biopesticide.
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