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Abstract

Non-conventional food plants (NCFPs) are edible species that remain underutilized in the
human diet despite being potential sources of phenolic compounds. This study character-
ized the phenolic composition and antioxidant activity of three botanically distinct NCFPs:
sorrel (Rumex acetosa L.), nasturtium (Tropaeolum majus L.), and lamb’s ear (Stachys byzantina
K. Koch.). We evaluated how extraction conditions influence the recovery of these com-
pounds. We compared ten extraction protocols that differed in solvent, acidification, and
ultrasound assistance. Total phenolic content and antioxidant activity (ABTS, DPPH, FRAP)
were determined spectrophotometrically, and UPLC-DAD quantified eleven individual
phenolic compounds. Recovery depended on both the protocol and the plant matrix. The
highest total phenolic contents were obtained with ultrasound-assisted acidified methanol
extraction, reaching 3540.73, 3940.83, and 4497.19 mg GAE/100 g DW for Rumex acetosa,
Tropaeolum majus, and Stachys byzantina, respectively; however, the integrated phenolic
analysis revealed species-specific responses. Chlorogenic acid was the predominant com-
pound across all species and protocols, indicating that these plants are relevant dietary
sources of hydroxycinnamic acids. Principal component analysis explained 89.5%, 82.8%,
and 75.3% of the total variance for the three species. These findings support valorizing
these edible NCFPs as functional food sources and highlight the need for matrix-specific
analytical characterization.

Keywords: phenolic compounds; antioxidant activity; non-conventional food plants

1. Introduction
Phenolic compounds are secondary metabolites widely distributed throughout the

plant kingdom; they are responsible for functions such as imparting color and flavor, as well
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as promoting plant resistance to environmental and biotic stress [1–3]. Consuming these
compounds is important for human health [4] because of their antimutagenic, antidiabetic,
and anti-inflammatory properties [5,6].

From a chemical standpoint, phenolic compounds are characterized by the presence of
one or more hydroxyl groups attached to aromatic rings [7–9]. Depending on the number
of carbon atoms and their structural characteristics, these compounds can be classified
into different groups, such as phenolic acids, flavonoids, and condensed tannins [8]. Struc-
tural variations among phenolics can influence important physicochemical properties,
including polarity, degree of conjugation, solubility in different solvents, and interaction
with the sample matrix, consequently affecting extraction and separation processes [10,11].
Furthermore, phenolic compounds may vary in stability among plant species because of
differing susceptibilities to oxidation and degradation, making extraction and preservation
challenging [12].

Solvent extraction is one of the most widely used methods for obtaining phenolic
compounds due to its simplicity, efficiency, and broad applicability. However, its perfor-
mance depends on several parameters that require preliminary optimization to ensure
efficient recovery from plant matrices [13,14]. Key factors in selecting the extraction method
include the class of analytes of interest and the polarity of the compounds and the ex-
traction solution [13]. In addition, operational conditions such as agitation, extraction
time, solute-to-solvent ratio, temperature, mass transfer efficiency, and particle size can
also significantly affect the yield and composition of the extracts obtained [15–18]. Thus,
different combinations of these parameters may enhance the extraction of various phenolic
compounds [19].

After extraction, it is necessary to identify and quantify the phenolic compounds in the
extracts. In this context, liquid chromatography stands out as a main analytical technique,
especially for analyzing substances in complex matrices [20]. To reduce analysis time
and improve chromatographic separation efficiency, several studies have used ultra-high-
performance liquid chromatography (UPLC) to determine phenolic compounds [21,22].
Due to the presence of multiple conjugated double bonds in their chemical structures, phe-
nolic compounds exhibit characteristic absorption in the ultraviolet–visible (UV-vis) region.
In this context, the diode array detector (DAD) is widely used in chromatographic analyses
of different classes of phenolic compounds because it allows simultaneous acquisition of
complete absorption spectra in the UV-vis range, generally between 200 and 800 nm [23].

Applying these analytical techniques, combined with appropriate extraction meth-
ods, is essential for accurately determining phytochemicals in complex plant matrices
and improving understanding of phenolic profiles across plant species, including Non-
Conventional Food Plants (NCFPs). NCFPs refer to plant species that have one or more
edible parts but, for various cultural, social, or economic reasons, remain underutilized
in the human diet [24]. These species have antioxidant potential associated with phenolic
compounds [25]. However, knowledge of these compound profiles remains limited [26],
and few studies have demonstrated the potential of these species, necessitating further
research to reveal their functional properties [27].

Thus, considering the relevance of investigating different extraction methodologies
and the need to expand knowledge regarding the profile of phenolic compounds present in
NCFPs, the present study aimed to critically evaluate and compare the extraction efficiency
of phenolic compounds using 10 different extraction methods, followed by the identification
and quantification of the compounds via ultra-performance liquid chromatography (UPLC).

For this study, three NCFP species were selected as plant matrices: Rumex acetosa L.,
commonly known as sorrel; Tropaeolum majus L., known as nasturtium; and Stachys byzantina
K.Koch, commonly known as lamb’s ear. We selected these species based on complementary

https://doi.org/10.3390/appliedchem6040074

https://doi.org/10.3390/appliedchem6040074


AppliedChem 2026, 6, 74 3 of 24

criteria. First, EPAMIG (Minas Gerais Agricultural Research Corporation) cultivates and
characterizes these three species, ensuring standardized plant material with documented
agronomic origin, a critical factor for analytical reproducibility in phytochemical studies.
Second, a preliminary literature review confirmed that the phenolic compounds for which
certified reference standards were available in our laboratory, including chlorogenic acid,
rutin, quercetin, and catechin, among others, are reported as relevant constituents in these
three species, enabling rigorous quantification by UPLC. Third, the species belong to distinct
botanical families (Polygonaceae, Tropaeolaceae, and Lamiaceae), allowing a comparative
phytochemical perspective across taxonomically diverse NCFPs with potential relevance
for applications in human nutrition and food science.

2. Materials and Methods
2.1. Reagents and Materials

Reference standards of caffeic acid, chlorogenic acid, ferulic acid, p-coumaric acid,
apigenin, kaempferol, catechin, epicatechin, myricetin, quercetin, and rutin were purchased
from Sigma-Aldrich® (St. Louis, MO, USA). Acetonitrile, methanol, and 98–100% formic
acid (chromatographic grade for UPLC analysis) were purchased from Dinâmica (São Paulo,
Brazil), Êxodo Científica (São Paulo, Brazil), and Merck (Darmstadt, Germany), respectively.
Acetone (AR grade), Ethanol, Iron(III) Chloride Hexahydrate, and iron (III) Chloride
(ICO) (AR grade) were purchased from Êxodo Científica. Glacial acetic acid (AR grade),
hydrochloric acid, and cyclohexane were obtained from Synth (São Paulo, Brazil), while
hydrochloric acid and gallic acid monohydrate (AR grade) were obtained from Neon (São
Paulo, Brazil). Anhydrous sodium acetate (AR grade), ethyl alcohol, methanol (AR grade),
ferrous sulfate heptahydrate (AR grade), and granular activated carbon were obtained from
CRQ Química (São Paulo, Brazil), Sciavicco (Minas Gerais, Brazil), Vertec (Rio de Janeiro,
Brazil), Química Moderna (São Paulo, Brazil), and Brascarbo (Paraná, Brazil), respectively.
Ultrapure water was produced using a Milli-Q water purification system (Direct-Q® 3 UV
Water Purification System, Millipore, ZRQSVP300) (Molsheim, França).

Samples were collected in August and September 2023 at the Bank of Non-
Conventional Vegetables at EPAMIG’s Santa Rita Experimental Farm in Prudente Morais,
Minas Gerais, Brazil. The research involving genetic material and/or associated traditional
knowledge was registered in the National System for the Management of Genetic Heritage
and Associated Traditional Knowledge (SisGen), under registration number AC4BDD3, in
accordance with current Brazilian legislation.

2.2. Sample Preparation

The leaves of sorrel (Rumex acetosa L.), nasturtium (Tropaeolum majus L.), and lamb’s
ear (Stachys byzantina K. Koch.) were dried in a forced-air oven at 35 ◦C ± 5 ◦C for 48 h
and ground in a blender (ARNO, model L.S.) (São Paulo, Brazil) until a fine, homogeneous
powder was obtained (standardized using a 16-mesh sieve). The Stachys byzantina leaves
were only ground, as the characteristics of the plant matrix did not allow for the production
of a fine, homogeneous powder.

2.3. Extraction of Extracts

Extractions were performed in triplicate in a light-protected environment, following
the experimental conditions described in Table 1, which presents the 10 adapted extraction
methods used [28–37]. We stored the extracts at −25 ◦C until analysis.
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Table 1. Experimental conditions for the extraction of total phenolic compounds in non-conventional
food plants: Rumex acetosa L., Tropaeolum majus L., and Stachys byzantina K.Koch.

Method Solvent
System

Sample:
Solvent

Ratio

Ultrasound *
(min)

Orbital
Incubation Centrifugation Extraction

Cycles

Final
Volume

(mL)
Ref.

1
Methanol: water (50:50

v/v); acetone: water
(70:30 v/v)

1:20 30 - 15 min;
2810× g 4 50 [28]

2 Ethanol: water
(80:20 v/v) 1:20 10 - 5 min;

1970× g 2 10 [29]

3 Methanol: water (85:15
v/v) 1:75 - 120 rpm; 42 ◦C;

10 min
10 min;
2000× g 2 25 [30]

4

Methanol: water (50:50
v/v) at pH 2 (acidified
with acetic acid) and
acetone: water (70:30

v/v)

1:40 - 120 rpm; 25 ◦C;
60 min

10 min;
2500× g 2 1 50 [31]

5
Methanol: water:
hydrochloric acid

(80:19:1 v/v/v)
1:100 30 - 15 min;

2810× g 2 25 [32]

6
Acetonitrile: water

acidified with 2% acetic
acid (50:50, v/v)

1:100 5 120 rpm; 25 ◦C;
15 min

10 min;
1970× g 1 10 [33]

7 Water:acetone:ethanol
(33.4:33.3:33.3, v/v/v) 1:20 - 120 rpm; 45 ◦C;

45 min
10 min;
2810× g 1 25 [34]

8 Methanol: water (80:20,
v/v) 1:100 - - 10 min;

2810× g 5 50 [35]

9 Acetone: water
(80:20, v/v) 1:100 - - 15 min;

2810× g 1 10 [36]

10
Methanol: water (50:50

v/v), acetone: water
(70:30 v/v)

1:20 - - 15 min;
2810× g 2 1 10 [37]

* Frequency 40 kHz; temp. 35 ◦C; 1 one extraction cycle was performed for each solvent system;
- not used.

2.4. Purification of the Extract for Analysis of Total Phenolic Compounds

The extracts used to determine total phenolic content (TPC) by spectrophotometry
were purified with activated charcoal, following the method proposed by Peres et al. [38],
with modifications. This purification step reduced pigments and other reducing com-
pounds in the matrix, particularly chlorophyll, which can interfere with the Folin–Ciocalteu
reaction and overestimate spectrophotometrically determined total phenolic content. How-
ever, because activated charcoal may also adsorb phenolic compounds, potential losses of
phenolic analytes during this step cannot be excluded.

For this purification, different aliquots of crude extract ranging from 2 to 5 mL were
used, depending on the requirements of each extract, maintaining a plant mass: activated
carbon ratio of 1:1. In a Falcon tube, granular activated carbon was weighed, raw extract
was added, and the mixture was homogenized for 10 s in a tube shaker and placed in an
orbital incubator at 130 rpm at room temperature for 20 min. The mixture was then filtered
through quantitative filter paper (blue band; Quanty, 8 µm) (Paraná, Brazil) into a 5 mL
volumetric flask, and the final volume was adjusted to the mark with deionized water.

2.5. Determination of Total Phenolic Content and Antioxidant Activity

We determined the phenolic content of the purified extracts using the Folin–Ciocalteu
spectrophotometric method [37,39]. The results were expressed as gallic acid equivalents
(mg GAE/100 g DW). The antioxidant activity of the crude extracts was determined
using three methods: ABTS*+ free radical scavenging; reaction with 2,2′-diphenyl-1-
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picrylhydrazine (DPPH); and ferric reducing antioxidant power (FRAP) [37]. We evaluated
antioxidant activity using the ABTS, DPPH, and FRAP assays. The ABTS results were
expressed as µmol Trolox equivalents/g DW, while the DPPH results were expressed
as (EC50 g DW sample/g). We expressed FRAP results as µmol FeSO4 equivalents/g
DW, based on a calibration curve prepared with a standard ferrous sulfate solution. We
performed the analyses in triplicate under low-light conditions.

2.6. Qualitative Analysis by Ultra-Performance Liquid Chromatography (UPLC)

We determined the phenolic compound profile in triplicate using the chromatographic
method described by Felix Ávila et al. [40], with modifications. The analysis was per-
formed by ultra-performance liquid chromatography coupled with diode array detection
(UPLC-DAD) on a Waters ACQUITY UPLC system (Waters Corporation, Milford, MA,
USA) consisting of a quaternary pump, online degasser, autosampler, column temperature
controller (35 ◦C), and a diode array detector configured for 271 and 320 nm. Separation
was performed on an Acquity BEH C18 column (1.7 µm × 2.1 × 100 mm). To obtain a more
accurate and efficient assessment of phenolic compound composition, this study employed
two distinct separation methods. The first method identified catechin and chlorogenic
acid, and the chromatographic conditions used were: injection volume of 1 µL, flow rate
of 0.3 mL/minute, and mobile phase consisting of water/formic acid (99.75:0.25, v/v)
as eluent A and acetonitrile/formic acid (99.75:0.25, v/v) as eluent B. The mobile phase
gradient conditions were as follows: Method A (0–3.5 min, 100% A, 0% B; 3.5–4.0 min,
100–92% A, 0–8% B; 4.0–10.0 min, 92% A, 8% B). The second method identified nine pheno-
lic compounds: caffeic acid, ferulic acid, p-coumaric acid, apigenin, kaempferol, epicatechin,
myricetin, quercetin, and rutin. We used the same eluents, flow rate, and injection volume
as in the first method. However, the mobile phase gradient conditions were as follows:
Method B (0.0–10.0 min, 90% A, 10% B; 10.0–10.5 min, 82% A, 18% B; 10.5–16.0 min, 82% A,
18% B; 16.0–16.5 min, 85% A, 15% B; 16.5–25.0 min, 75% A, 25% B).

We filtered the samples using a PVDF syringe filter membrane (25 mm diameter,
0.22 µm pore size) (Guangzhou Jet Bio-Filtration Co., Ltd., Guangzhou, China). To quantify
the fractionated phenolic compounds, we used the peak areas of each compound and estab-
lished calibration curves for the injected standards (see Figures S1 and S2—Supplementary
Material). We identified compounds by comparing retention times and UV-VIS spectra with
reference standards. Quantification used calibration curves in the range of 1 to 7 µg/mL
for all compounds, except myricetin and kaempferol, with ranges of 1 to 6 µg/mL and 1 to
4 µg/mL, respectively. We processed the data using Empower® 3.0 software and expressed
the results in mg/100 g dry weight.

We established the sensitivity of the analytical methods by determining the limits of
detection (LOD) and quantification (LOQ), in accordance with RDC No. 166/2017 [41] and
ICH Q2(R2) [41,42]. (see Tables S1 and S2 in the Supplementary Material). We estimated
the LODs statistically, and their values were visually distinguishable from the equipment’s
baseline noise. Although the LOQs could have been calculated using parameters from the
calibration curve, in this study, the value of the lowest point on the curve was conservatively
adopted as the lower limit of quantification, fulfilling the requirement for experimental
validation [41], ensuring that the reported LOQ exhibits validated precision and accuracy,
demonstrating analytical sensitivity superior to that required by the study’s working range.

2.7. Statistical Analysis

For each extraction method, we performed three independent extractions, and we
carried out each analytical determination in triplicate. The results are expressed as
mean ± standard deviation. We subjected the data to one-way analysis of variance
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(ANOVA), followed by Tukey’s post hoc test, with statistical significance set at p < 0.05,
to compare the means [43]. We also performed a multivariate analysis to summarize data
patterns using principal component analysis (PCA). We used R version 4.4.1 and RStudio
2025.05.0 for the statistical analyses [44–47]. Non-detected (ND) values represented concen-
trations below the limit of detection (LOD) of the analytical method and were reported as
ND in the tables. We excluded these values from the statistical analyses.

3. Results and Discussion
3.1. Total Phenolic Content (TPC)

The results obtained from the TPC analyses, presented in Table 2, were analyzed and
compared with one another, allowing identification of the experimental conditions most
favorable for the extraction of phenolic compounds, as they yielded the highest TPC values,
expressed in gallic acid equivalents (mg GAE per 100 g of sample, dry weight).

Table 2. Total phenolic content of non-conventional food plants: Rumex acetosa L., Tropaeolum majus L.,
and Stachys byzantina K.Koch.

Extraction Method
Rumex acetosa Tropaeolum majus Stachys byzantina

Total Phenolic Content (mg GAE/100 g DW)

1 1546.69 ± 187.99 b 2015.85 ± 16.80 b 1927.83 ± 119.34 c

2 860.04 ± 140.84 cd 2028.14 ± 129.24 c 1139.76 ± 270.16 d

3 1011.35 ± 44.40 bcd 1394.48 ± 67.90 c 1862.23 ± 95.18 c

4 1388.41 ± 15.70 bc 1862.07 ± 102.94 b 1627.44 ± 87.04 cd

5 3540.73 ± 437.09 a 3940.83 ± 121.02 a 4497.19 ± 238.54 a

6 942.65 ± 122.39 bcd 1121.08 ± 69.28 c 1670.90 ± 153.35 c

7 3135.94 ± 866.65 a 3586.55 ± 423.27 a 3246.65 ± 279.57 b

8 638.46 ± 136.05 d 1123.60 ± 26.46 c 3481.29 ± 378.78 b

9 787.97 ± 96.21 bcb 1025.44 ± 37.99 c 1060.24 ± 163.36 d

10 1138.61 ± 27.70 bcd 2120.50 ± 215.24 b 1894.85 ± 60.99 c

NOTE: Extraction conditions for Methods 1–10 are described in Table 1. We analyzed purified extracts
with activated charcoal. Mean values ± standard deviation (n = 3). Values expressed in the same
column followed by different letters indicate statistical differences (p ≤ 0.05 according to Tukey’s
test). Results are expressed on a dry-weight basis. GAE = gallic acid equivalent.

The experimental conditions of Method No. 5 yielded the highest numerical TPC
values for sorrel (3540.73 mg GAE/100 g), nasturtium (3940.83 mg GAE/100 g DW), and
lamb’s ear (4497.19 mg GAE/100 g DW). Method No. 7 yielded similar results for sorrel
(3135.94 mg GAE/100 g DW) and nasturtium (3586.55 mg GAE/100 g DW), with no
significant differences compared with Method No. 5 for these species.

Feduraev et al. reported a total phenolic content of 2300 mg GAE/100 g DW in Rumex
acetosa leaves extracted with 70% ethanol under reflux at 60 ◦C for 1 h [48]. Ceccanti et al. val-
uated four R. acetosa cultivars using a methanol–water mixture (80:20, v/v) and ultrasound-
assisted extraction for 30 min at 4 ◦C, reporting values below 1000 mg GAE/100 g DW [49].
Likewise, Cornara et al. obtained 644.71 mg GAE/100 g DW after extracting R. acetosa
with 70% ethanol through three successive ultrasound-assisted extraction cycles. In the
present study, Methods No. 5 and 7 yielded the highest total phenolic contents for R. acetosa,
exceeding the values reported in these previous studies [50]. Although direct comparisons
should be interpreted cautiously because of differences in plant material and extraction
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procedures, these findings indicate that Methods 5 and 7 were particularly effective for
recovering phenolic compounds from R. acetosa.

Sytar et al. reported a total phenolic content of 1864 ± 69.9 mg GAE/100 g DW in
Stachys byzantina leaves, using 70% methanol and two successive extraction steps at 70 ◦C
for 10 min. In the present study, Method No. 5 yielded 4497.19 mg GAE/100 g DW, which
was substantially higher than the value reported by Sytar et al. [51]. This difference may
be attributed to the distinct extraction conditions, particularly the use of acidified 80%
methanol combined with acetone and ultrasound-assisted extraction in Method 5, which
may have enhanced phenolic recovery from S. byzantina. These findings further support
the effectiveness of Method No. 5 for recovering phenolic compounds from this species.

For Tropaeolum majus, direct comparisons with previous studies remain challenging, as
relatively few investigations have reported results under directly comparable conditions.
Differences in plant material, plant parts, extraction procedures, and units of expression
hinder meaningful quantitative comparisons across studies. Therefore, the available litera-
ture was primarily used to support the role of extraction conditions in phenolic compound
recovery rather than to enable direct numerical comparisons.

The superior performance of the methanol-based extraction methods may be at-
tributed, at least in part, to the physicochemical properties of methanol, including its
high polarity and ability to act as both a hydrogen-bond donor and acceptor [52]. Its shorter
carbon chain than ethanol and acetone may also contribute to its greater affinity for highly
polar phenolic compounds, favoring their solubilization and recovery [53].

Another relevant factor in Method No. 5 was the addition of 1% hydrochloric acid.
Acidifying the extraction medium can enhance phenolic recovery by altering the chemical
environment and analyte solubility, improving extraction efficiency [54–56].

For Method No. 7, its effectiveness may be linked to a mixed solvent system of water,
acetone, and ethanol. Because solvent polarity and the chemical structure of phenolic
compounds influence their solubility, different solvent systems can affect the recovery of
these compounds [12].

The extracts subjected to total phenolic compound analysis were purified with acti-
vated charcoal to minimize interference from chlorophyll and other reducing compounds.
However, we cannot rule out adsorption and loss of phenolic compounds. Because no
recovery experiment was conducted, we could not quantify the magnitude of these poten-
tial losses.

3.2. Antioxidant Activity

The antioxidant activity assays (ABTS, DPPH, and FRAP) in Table 3 were evaluated to
determine which extraction conditions produced extracts with the highest antioxidant activity.

Unlike the findings from the TPC analysis, the experimental conditions of Method
No. 8 allowed for the extraction of a higher content of compounds with antioxidant
activity, according to the ABTS method, for the extracts of sorrel (330.55 µM Trolox/g
DW), nasturtium (519.62 µM Trolox/g DW), and lamb’s ear (393.33 µM Trolox/g DW).
This result may reflect more effective extraction of other antioxidant compounds under the
experimental conditions used in Method No. 8. Because the ABTS assay reflects the overall
radical-scavenging capacity of the extracts and is not specific to phenolic compounds, these
antioxidant constituents may also contribute to the observed antioxidant response.

As for the DPPH method, the best results for the antioxidant activity of the extracts
were obtained under the experimental conditions applied in method No. 1 for sorrel
(172.21 EC50 g DW sample/g DPPH). For nasturtium, the best results were obtained using
Method No. 1 (196.84 EC50 g DW sample/g DPPH) and Method No. 8 (220.88 EC50 g
DW sample/g DPPH), while for the lamb’s ear, the conditions applied by Method No. 3
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(175.25 EC50 g DW sample/g DPPH) and Method No. 8 (156.02 EC50 g DW sample/g
DPPH) stood out.

Table 3. Antioxidant activity of non-conventional food plants: Rumex acetosa L., Tropaeolum majus L.,
and Stachys byzantina K.Koch.

Extraction Method Rumex acetosa Tropaeolum majus Stachys byzantina

ABTS (µmol Trolox equivalents/g DW)

1 217.04 ± 22.08 c 243.32 ± 19.55 cd 198.42 ± 15.23 cd

2 103.98 ± 4.49 e 93.65 ± 3.28 f 106.03 ± 6.19 e

3 144.27 ± 11.16 d 177.40 ± 6.27 e 194.99 ± 0.84 cd

4 263.54 ± 8.96 b 318.46 ± 13.23 b 230.14 ± 9.35 bc

5 125.84 ± 4.06 de 114.51 ± 14.75 f 180.79 ± 21.98 d

6 130.56 ± 5.24 de 195.83 ± 5.55 de 210.84 ± 13.26 cd

7 153.12 ± 9.23 d 234.26 ± 10.48 cd 91.34 ± 7.44 e

8 330.55 ± 26.17 a 519.62 ± 40.95 a 393.33 ± 24.81 a

9 241.66 ± 3.70 bc 273.25 ± 16.78 bc 215.34 ± 9.03 cd

10 257.60 ± 10.85 b 308.55 ± 23.75 b 267.33 ± 11.65 b

DPPH (EC50 g DW sample/g)

1 172.21 ± 10.65 g 196.84 ± 8.88 h 244.68 ± 5.76 e

2 536.15 ± 14.03 c 455.89 ± 13.44 c 313.71 ± 9.00 cd

3 385.08 ± 12.23 de 342.79 ± 11.15 e 175.25 ± 4.48 f

4 295.65 ± 14.46 ef 273.55 ± 7.60 f 284.38 ± 5.71 cde

5 1187.56 ± 88.58 a 1009.43 ± 30.70 a 873.69 ± 61.74 a

6 472.82 ± 19.51 cd 283.10 ± 6.90 f 309.47 ± 18.59 cde

7 712.95 ± 17.52 b 588.76 ± 16.59 b 480.05 ± 13.83 b

8 292.41 ± 12.45 f 220.88 ± 7.02 gh 156.02 ± 6.86 f

9 455.51 ± 2.48 cd 386.35 ± 19.82 d 334.73 ± 6.58 c

10 341.77 ± 14.48 ef 243.28 ± 1.23 fg 256.23 ± 21.11 de

FRAP (µmol FeSO4 equivalents/g DW)

1 403.97 ± 7.03 a 401.75 ± 12.30 a 353.50 ± 5.70 b

2 159.95 ± 2.63 h 155.52 ± 4.97 e 199.93 ± 10.82 g

3 261.45 ± 5.03 b 283.79 ± 19.12 d 404.12 ± 14.42 a

4 258.33 ± 5.95 b 373.59 ± 10.47 ab 278.92 ± 8.75 cd

5 247.14 ± 5.57 bc 343.54 ± 12.31 bc 359.51 ± 24.12 de

6 216.84 ± 3.91 ef 259.34 ± 0.81 d 344.09 ± 5.23 b

7 197.23 ± 4.01 g 254.94 ± 4.51 d 248.35 ± 13.45 ef

8 229.77 ± 11.01 de 337.04 ± 18.57 c 366.16 ± 8.79 b

9 200.57 ± 5.57 fg 220.80 ± 8.54 e 225.95 ± 10.37 fg

10 234.26 ± 3.27 cd 393.94 ± 9.50 a 298.85 ± 5.49 c

NOTE: Extraction conditions for Methods 1–10 are described in Table 1. Analysis was performed
on crude extracts without activated charcoal purification. Mean values ± standard deviation (n = 3).
Values expressed in the same column followed by different letters indicate statistical differences
(p ≤ 0.05 according to Tukey’s test). Results are expressed on a dry-weight basis.
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The FRAP method yielded the highest results under the analytical conditions of
method No. 1 for sorrel (403.97 µM ferrous sulfate/g) and nasturtium (401.75 µM ferrous
sulfate/g). In comparison, method No. 10 also yielded higher antioxidant activity for
nasturtium (393.94 µM ferrous sulfate/g). In contrast, the extraction conditions applied in
method No. 3 were more favorable for obtaining extracts with higher antioxidant activity,
according to the FRAP method, for lamb’s ear (404.12 µM ferrous sulfate/g).

Mollica et al., when analyzing Alstonia boonei extracts, found that methanol can extract
higher levels of phenolic compounds and yield greater antioxidant activity than water and
ethyl acetate [57]. Similarly, Herrera-Pool et al. found the best antioxidant activity using 50%
and 80% methanol and 80% acetone when analyzing chili pepper leaves [58]. These findings
corroborate those of the present study, since the best results for total phenolic content and
antioxidant activity were obtained primarily from extracts whose experimental conditions
used aqueous solutions of 50%, 80%, and 85% as the extraction solvent, demonstrating
that these solutions are more efficient in extraction compared to solutions using other
solvents. The superior extraction efficiency of methanol can be explained by its shorter
carbon chain compared to other solvents [59]. Furthermore, methanol is a polar solvent that
can form hydrogen bonds with the hydroxyl groups in phenolic compounds, facilitating
their extraction.

The differences observed among the antioxidant activity assays may reflect their
distinct chemical principles. The ABTS and DPPH assays are mixed-mode methods that
involve both hydrogen atom transfer and electron transfer mechanisms, whereas the FRAP
assay is based on electron transfer [60,61]. Responses from these assays may also depend
on the chemical properties of the antioxidants and on reaction conditions, such as pH,
solvent, and reaction kinetics. Therefore, differences in antioxidant responses obtained
using the ABTS, DPPH, and FRAP assays may arise because compounds in the extracts can
exhibit different reactivities under the specific conditions of each assay [62].

3.3. Profile of Phenolic Compounds Obtained by Different Extraction Methods

Of the 11 phenolic compounds studied, only kaempferol was not identified in any of
the extracts from the three NCFPs. Some chromatograms of the extracts from sorrel, nastur-
tium, and lamb’s ear obtained by Methods A and B are presented in the Supplementary
Material—Figure S3.

The results of the UPLC determination of individual phenolic compounds present in
the different extracts of the three NCFPs are presented in Table 4.

The most efficient experimental conditions for the extraction of phenolic acids and
flavonoids used an aqueous methanol solution at different concentrations as the solvent,
since this solvent acts as both a hydrogen donor and acceptor in the molecule, promoting
the recovery of phenolic compounds compared to less polar solvents such as ethanol
and acetone [52]. Similarly, the experimental conditions of method No. 6, in which the
extraction solvent was a solution of acetonitrile in acidified water, also stood out in the
recovery of phenolic compounds, which can be explained by the fact that the polarity of the
extractant solvents and the solubility of the particles in the solvent influence the extraction
of phenolic compounds in different matrices [63].
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Table 4. Profile of phenolic compounds of non-conventional food plants—sorrel, nasturtium and
lamb’s ear—by Ultra-High-Performance Liquid Chromatography (UPLC).

Extraction Method Rumex acetosa Tropaeolum majus Stachys byzantina

Chlorogenic Acid (mg/100 g)

1 113.96 ± 3.20 a 909.17 ± 64.07 a 523.75 ± 26.60 a

2 71.76 ± 4.62 a 708.12 ± 30.94 c 326.94 ± 6.42 b

3 99.56 ± 1.86 a 818.02 ± 29.88 ab 514.37 ± 5.53 a

4 105.31 ± 4.65 a 834.13 ± 45.08 ab 548.14 ± 29.07 a

5 90.70 ± 4.48 a 315.27 ± 29.68 d 222.22 ± 12.74 c

6 80.24 ± 7.57 a 872.39 ± 25.95 a 503.95 ± 49.95 a

7 72.56 ± 0.65 a 707.58 ± 57.36 c 351.00 ± 11.53 b

8 100.47 ± 2.95 a 823.17 ± 17.01 ab 542.67 ± 17.56 a

9 77.42 ± 5.19 a 751.17 ± 17.04 bc 376.32 ± 8.45 b

10 104.25 ± 1.38 a 819.32 ± 25.00 ab 495.65 ± 21.09 a

Caffeic acid (mg/100 g)

1 2.67 ± 0.09 b 0.47 ± 0.24 ab 1.87 ± 0.21 cd

2 1.88 ± 0.01 bc ND 1.49 ± 0.03 e

3 2.52 ± 0.13 b 0.48 ± 0.22 ab 2.08 ± 0.07 bc

4 2.16 ± 0.13 bc 0.44 ± 0.03 b 1.75 ± 0.13 cde

5 9.18 ± 0.97 a 0.88 ± 0.26 a 2.62 ± 0.15 a

6 2.01 ± 0.02 bc ND 1.96 ± 0.03 bcd

7 1.74 ± 0.04 bc 0.50 ± 0.05 ab 1.11 ± 0.04 f

8 2.37 ± 0.14 b 0.87 ± 0.08 a 2.29 ± 0.11 ab

9 1.37 ± 0.10 c 0.76 ± 0.10 ab 1.72 ± 0.25 cde

10 2.51 ± 0.07 b 0.64 ± 0.02 ab 1.59 ± 0.07 de

P-coumaric acid (mg/100 g)

1 14.67 ± 0.20 bc 1.38 ± 0.13 a 3.10 ± 0.16 a

2 9.87 ± 1.03 e 1.00 ± 0.05 b 1.59 ± 0.08 de

3 12.82 ± 0.56 cd 1.30 ± 0.05 a 3.26 ± 0.09 a

4 13.13 ± 0.27 c 1.36 ± 0.16 a 2.42 ± 0.16 bc

5 88.61 ± 1.69 a ND 2.00 ± 0.15 cd

6 15.69 ± 1.27 b 1.29 ± 0.04 a 3.11 ± 0.28 a

7 10.52 ± 0.82 de 1.05 ± 0.06 b 2.07 ± 0.04 cd

8 12.82 ± 0.60 cd ND 2.11 ± 0.38 cd

9 10.13 ± 0.73 e 0.40 ± 0.03 c 1.16 ± 0.06 e

10 13.57 ± 0.53 bc 1.28 ± 0.02 a 2.76 ± 0.13 ab
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Table 4. Cont.

Extraction Method Rumex acetosa Tropaeolum majus Stachys byzantina

Ferulic acid (mg/100 g)

1 52.29 ± 1.67 a ND 0.76 ± 0.15 c

2 45.01 ± 1.15 bc ND ND

3 52.03 ± 1.84 a ND 1.26 ± 0.12 c

4 48.53 ± 2.28 ab ND 1.17 ± 0.22 c

5 47.15 ± 2.53 ab ND ND

6 34.,10 ± 3.37 e ND 5.72 ± 0.54 a

7 37.95 ± 0.82 de ND 1.23 ± 0.06 c

8 51.75 ± 1.21 a ND ND

9 41.29 ± 2.78 cd ND ND

10 48.78 ± 0.36 ab ND 2.65 ± 0.22 b

Catechin (mg/100 g)

1 8.37 ± 0.22 bc 20.88 ± 2.55 a ND

2 5.86 ± 0.40 d 13.27 ± 0.30 b ND

3 8.86 ± 0.29 bc 12.71 ± 0.47 b ND

4 7.10 ± 0.66 cd 15.21 ± 2.05 b ND

5 29.46 ± 0.67 a 12.53 ± 0.55 b ND

6 7.35 ± 0.41 cd 15.47 ± 1.29 b ND

7 5.71 ± 0.42 d 15.91 ± 1.23 b ND

8 10.02 ± 1.62 b 15.19 ± 3.09 b ND

9 6.18 ± 0.62 d 16.00 ± 1.34 b ND

10 8.65 ± 0.31 bc 15.23 ± 0.39 b ND

Epicatechin (mg/100 g)

1 ND ND ND

2 ND ND ND

3 ND ND ND

4 ND ND ND

5 14.23 ± 2.90 ND ND

6 ND ND ND

7 ND ND ND

8 ND ND ND

9 ND ND ND

10 ND ND ND

https://doi.org/10.3390/appliedchem6040074

https://doi.org/10.3390/appliedchem6040074


AppliedChem 2026, 6, 74 12 of 24

Table 4. Cont.

Extraction Method Rumex acetosa Tropaeolum majus Stachys byzantina

Rutin (mg/100 g)

1 172.82 ± 4.43 abc 2.86 ± 0.19 a ND

2 152.47 ± 2.74 bcd 1.74 ± 0.04 d ND

3 178.20 ± 6.85 ab 2.10 ± 0.09 cd ND

4 155.70 ± 6.85 bc 2.79 ± 0.08 ab ND

5 169.02 ± 11.41 abc 0.98 ± 0.25 e ND

6 185.64 ± 15.14 ab 2.43 ± 0.37 abc ND

7 132.40 ± 2.33 e 2.02 ± 0.15 dc ND

8 190.40 ± 5.36 a 2.33 ± 0.23 abc ND

9 142.66 ± 8.04 de 2.28 ± 0.12 bc ND

10 167.63 ± 1.85 bc 2.37 ± 0.05 abc ND

Myricetin (mg/100 g)

1 4.81 ± 0.31 ab 1.29 ± 0.10 abc 6.10 ± 0.26 ab

2 4.08 ± 0.26 bc 1.13 ± 0.15 bc 1.77 ± 0.12 e

3 4.56 ± 0.50 ab 1.29 ± 0.12 abc 3.72 ± 0.46 cd

4 5.01 ± 0.22 a 1.14 ± 0.12 abc 5.25 ± 0.55 b

5 2.21 ± 0.12 e 0.98 ± 0.29 c 6.51 ± 0.38 a

6 4.20 ± 0.22 bc 1.25 ± 0.17 abc 4.34 ± 0.19 c

7 3.19 ± 0.27 d 1.13 ± 0.08 bc 3.25 ± 0.08 d

8 4.76 ± 0.25 ab 1.52 ± 0.00 ab 3.85 ± 0.31 cd

9 3.48 ± 0.27 cd 1.55 ± 0.12 a 1.98 ± 0.04 e

10 4.18 ± 0.15 bc 1.23 ± 0.11 abc 3.15 ± 0.11 d

Quercetin (mg/100 g)

1 ND 1.11 ± 0.16 bc ND

2 0.53 ± 0.03 b 1.05 ± 0.17 bc ND

3 ND 1.32 ± 0.08 b ND

4 ND 1.18 ± 0.12 b ND

5 4.50 ± 0.28 a 13.26 ± 1.15 a ND

6 ND 1.14 ± 0.37 bc ND

7 ND 1.06 ± 0.04 bc ND

8 ND ND ND

9 ND 0.84 ± 0.10 bc ND

10 ND 0.88 ± 0.02 bc ND
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Table 4. Cont.

Extraction Method Rumex acetosa Tropaeolum majus Stachys byzantina

Apigenin (mg/100 g)

1 ND ND 51.21 ± 1.03 a

2 ND ND 7.01 ± 0.81 e

3 ND ND 18.76 ± 1.03 de

4 ND ND 34.19 ± 7.28 bc

5 ND ND 41.18 ± 3.86 ab

6 ND ND 33.29 ± 3.53 bc

7 ND ND 26.09 ± 0.79 cd

8 ND ND 18.11 ± 10.43 de

9 ND ND 9.96 ± 0.14 e

10 ND ND 24.72 ± 2.10 cd

NOTE: Extraction conditions for Methods 1–10 are described in Table 1. Analysis was performed
on crude extracts without activated charcoal purification. Mean values ± standard deviation (n = 3).
Values expressed in the same column followed by different letters indicate statistical differences
(p ≤ 0.05 according to Tukey’s test). Results are expressed on a dry-weight basis. ND—not detected.

A study by Herrera-Pool et al. found significant differences in the recovery of specific
phenolic compounds in chromatographic analyses: extraction with 50% methanol in an
ultrasonic bath provided better recovery of phenolic acids, and the use of 80% acetone, with
an ultrasonic bath and water bath, proved more favorable for the recovery of flavonoids [58].
These results differ from those presented in the present study, since although Method No. 9,
whose extraction solution is 80% acetone, extracted flavonoids such as catechin, rutin,
myricetin, and apigenin, its extracts did not exhibit the highest levels, demonstrating that a
method will not always be capable of extracting a greater number of phenolic compounds at
their highest concentrations. This study observed that extractions with solutions containing
methanol, methanol and acetone, and acidified methanol promoted the highest recovery
of catechin, rutin, myricetin, and apigenin, because the hydroxyl groups in the solutions
formed bonds with the hydroxyl groups of the flavonoids, favoring better recovery.

In addition to polar solvents, the ultrasonic bath, as used in the study by Herrera-Pool
et al. and under the extraction conditions of methods No. 1, 2, 5, and 6 in the present
study, may have contributed to superior extraction of phenolic compounds, particularly
flavonoids. Sonication increases plant-tissue disintegration and solvent penetration through
rapid bubble collapse and cavitation [64]. During ultrasonic bath use, repeated compres-
sions and rarefactions in the extraction solvent induce bubble formation due to temperature
and pressure changes, which can help release phenolic compounds from plant matrices and
improve extraction efficiency [65]. In addition, collisions between particles and ultrasonic
waves can reduce particle size, promoting mass transfer and allowing the solvent to access
plant cellular materials more quickly [66].

Vieira et al. compared different chayote leaf extracts prepared by maceration, mi-
crowaving, and ultrasonic extraction and found that the latter was more effective at extract-
ing TPC [67]. Another study examined the morphological structure of kiwi leaf surfaces
after ultrasonic extraction and observed cell disruption, which led to more efficient extrac-
tion than maceration and microwave treatment [68]. In the present study, methods No. 1
and 5, with a sonication time of 30 min, showed better flavonoid extraction efficiency for
the nasturtium and lamb’s ear samples.
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For solvent selection, polar mixtures can also be used to recover phenolic compounds.
Solvents such as water, acetone, methanol, ethanol, and acetonitrile, alone or in mixtures,
can be used to obtain phenolics in high yield. Still, the choice may influence the extract’s
final composition and antioxidant activity [69–72]. Similarly, the presence of different
hydroxyl groups in the structures of phenolic compounds, as observed in the structure of
chlorogenic acid, as well as conjugation with sugars—present, for example, in the structure
of rutin—acids, or alkyl groups, considerably influences the polarity of these compounds
and, consequently, the composition and antioxidant activity of the extracts [73].

Solvents such as methanol have significantly lower polarity compared to water, which
favors the solubility and diffusion of phenolic compounds by reducing the solvent’s di-
electric constant. Polar solvents exhibit greater efficiency in the solvation process due to
interactions (hydrogen bonds) between the polar sites of the compounds and the solvent [53].

Among the extraction methods applied in this study, three utilized an acidified ex-
traction solution. In methods 4 and 6, acetic acid was added, and the extraction solutions
had pH values of 2.00 ± 0.01 and 2.82 ± 0.01, respectively; in method No. 5, hydrochloric
acid was added, and the extraction solution had a pH of 1.01 ± 0.01. These methods
yielded good extraction results for phenolic acids (methods No. 4 and 6) and for flavonoids
(method No. 5). Acids such as hydrochloric, acetic, and formic acids are frequently used to
improve extraction efficiency [54,55]. pH is a critical factor influencing extraction efficiency
because it affects analyte solubility and the charge density of extracts and solvents [55].
Furthermore, aqueous solvents acidified with hydrochloric acid and formic acid can rup-
ture plant vacuoles and release phenolic compounds [74,75]. Xia et al., when extracting
phenolic acids from the plant Prunella vulgaris, observed that at pH 1, the extraction yield
of rosmarinic acid increased, demonstrating that pH can significantly affect the extraction
rate of phenolic acids [76].

Another factor that can optimize extraction is combining extraction techniques when a
single technique is insufficient, providing access to additional phenolic compounds [77,78].
The experimental conditions in method No. 6 produced this synergistic effect by combining
ultrasonication with agitation, which contributed to the extraction process.

Regarding temperature, increasing this parameter correlates with improved phenolic-
compound extraction yields because it induces breaks in matrix bonds [79]; increases
compound solubility, solvent diffusion rate, and mass transfer; and reduces solvent viscosity
and surface tension [80]. Therefore, the 35 ◦C temperature achieved in methods No. 1 and
6 and the 42 ◦C temperature in method 3 positively influenced the extraction process.

Thus, the combination of the aforementioned parameters—specifically, the use of 80%
methanol acidified with hydrochloric acid and the 30 min ultrasonic bath step—was key to
making method No. 5 the most efficient for recovering phenolic acids from sorrel.

Among the compounds analyzed, chlorogenic acid was the predominant phenolic
acid quantified in all extracts obtained from the three plant matrices studied. The extraction
conditions of methods No. 1, 3, 4, 6, 8, and 10 yielded the best chlorogenic acid extractions,
with no significant difference among them (p > 0.05) for nasturtium and lamb’s ear. There
was no significant difference (p > 0.05) in chlorogenic acid content among the sorrel extracts
obtained by the ten methods used.

The predominance of chlorogenic acid in all extraction methods suggests that these
species may represent relevant dietary sources of antioxidant phenolic compounds. Chloro-
genic acid is one of the most abundant hydroxycinnamic acids in the human diet and has
been widely associated with antioxidant, anti-inflammatory, and cardioprotective effects.
Its antioxidant activity is related both to its direct ability to scavenge free radicals and to
its capacity to modulate endogenous antioxidant defense pathways [81,82]. Therefore, the
consistent detection of chlorogenic acid, regardless of extraction conditions, indicates that
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the plant matrices analyzed may contribute to dietary antioxidant intake and hold potential
for the development of functional foods and nutraceutical products.

Previous studies have highlighted the potential of chlorogenic acid for food appli-
cations, particularly in seafood, meat, and bakery products. Its antioxidant properties
may contribute to controlling oxidative processes, including lipid oxidation and protein
degradation, which are important factors affecting the stability, nutritional value, and
sensory quality of foods. These characteristics support the investigation of chlorogenic
acid as a naturally occurring phenolic compound with potential technological relevance for
food preservation [83].

The highest levels of caffeic acid were found when the extraction conditions of method
No. 5 were applied to sorrel, while the conditions applied in methods No. 5 and 8 allowed
for the recovery of higher levels in lamb’s ear, with no significant difference (p < 0.05)
between them. In contrast, methods No. 1, 3, 7, 9, 8, and 10 yielded higher caffeic acid
levels in the nasturtium extracts, with no significant differences among them (p < 0.05).

There was a higher recovery of p-coumaric acid in the sorrel extract when extraction
method No. 5 was applied. For the nasturtium and lamb’s ear extracts, the highest p-
coumaric acid recoveries occurred with extraction methods No. 10, 3, 6, and 1, with no
significant differences among them (p < 0.05).

Extraction methods No. 1, 3, 4, 5, 8, and 10 yielded higher ferulic acid levels in
sorrel, with no significant differences among them (p < 0.05). Extraction method No. 6
allowed for the recovery of higher levels of this acid in the lamb’s-ear sample. Meanwhile,
extraction methods No. 2, 5, 8, and 9 did not extract ferulic acid in sufficient quantities
for quantification.

A study by Benedec et al. used a 70% ethanol extract of Stachys byzantina prepared
in an ultrasonic bath and reported phenolic compound concentrations that, although
lower than the highest values in the present study, were comparable to those observed
under some extraction conditions [84]. In particular, Method No. 5 resulted in an extract
containing 222.25 mg/100 g of chlorogenic acid; Method No. 9 enabled the quantification
of 1.16 mg/100 g of p-coumaric acid; Method No. 1 yielded 0.76 mg/100 g of ferulic acid;
and Method No. 2 resulted in 7.01 mg/100 g of apigenin.

Kucekova et al. investigated the content of p-coumaric acid, ferulic acid, caffeic
acid, rutin, and catechin in sorrel flowers using 90% methanol (2 mL/g) for extraction for
30 min at 4 ◦C, with three extraction cycles. In that study, only catechin was quantified
(7.54 mg/100 g, dry basis), whereas this study identified all compounds in sorrel leaves [85].
Feduraev et al., when investigating the levels of chlorogenic, caffeic, p-coumaric, and cate-
chin acids, found chlorogenic acid and p-coumaric acid at 121 mg/100 g and 15 mg/100 g
on a dry basis, respectively [48]. These values are very close to those found in this study.

The highest catechin concentrations were obtained under the experimental conditions
used in method No. 5 for sorrel and in method No. 1 for nasturtium. In contrast, it was not
possible to quantify catechin in any of the lamb’s ear extracts.

Epicatechin was identified and quantified only in the extract obtained by method
No. 5 from sorrel. Apigenin was identified only in the lamb’s ear extracts, particularly
under the extraction conditions used in methods No. 1 and 5, which showed no significant
difference (p < 0.05). Bahadori et al. investigated the levels of phenolic compounds in
the leaves, stems, and flowers of lamb’s ear through decoction with boiling water and
quantified catechin, epicatechin, rutin, and kaempferol, compounds that were not found in
the present study, suggesting that the extraction conditions of the ten methods were not
efficient for extracting these compounds [86]. This highlights the importance of optimizing
extraction conditions to obtain a more complete profile of the phenolic compounds present
in plants.
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High levels of rutin were quantified in the extracts obtained by extraction methods No.
1, 3, 5, 6, and 8 for sorrel, among which there was no significant difference (p < 0.05). For
nasturtium, the highest rutin levels were quantified in the extracts obtained using extraction
methods No. 1, 4, 6, 8, and 10, with no significant difference (p < 0.05) among them.

High levels of myricetin were quantified in the sorrel extracts obtained under the
extraction conditions of methods No. 3, 8, 1, and 4, with no significant difference among
them (p < 0.05). Meanwhile, methods No. 4, 10, 6, 1, 3, 8, and 9 allowed recovery of
high levels of these flavonoids in the nasturtium extracts. In contrast, lamb’s ear extracts
obtained using Methods No. 1 and 5 showed the highest myricetin quantification.

High levels of quercetin were extracted when the experimental conditions of Method
No. 5 were applied to sorrel and nasturtium. However, none of the extraction methods
used were effective in extracting quercetin from the lamb’s ear samples.

Overall, all experimental conditions of the 10 extraction methods reproduced in this
study were capable of extracting phenolic compounds from NCFPs, with some being
more efficient than others. The analysis showed that all extracts contained phenolic acids
and flavonoids, with the highest concentrations in the methanol and acetonitrile extracts.
In contrast, the ethanol and acetone extracts had lower concentrations of phenolic acids
and flavonoids.

In practical terms, the choice of the most appropriate extraction method should be
guided by the extract’s intended use. For routine analyses of food composition, methanol
extraction may be preferable because of its high extraction efficiency and greater recovery
of phenolic compounds compared with other solvent systems. However, in nutraceutical
applications, in addition to extraction yield, solvent toxicity and safety for human con-
sumption must be considered. In this regard, ethanol and hydroethanolic mixtures stand
out as more suitable alternatives, as they combine efficient extraction of bioactive com-
pounds with the requirement for food-grade solvents, making them particularly suitable
for obtaining extracts intended for the development of functional foods and nutraceutical
products [87,88].

The present study showed that extraction performance depends on the species and
should be selected according to the intended application, whether for routine compositional
analysis or for producing extracts rich in phenolic compounds.

3.4. Principal Component Analysis

Principal component analysis (PCA) was applied to provide an integrated assessment
of the extraction protocols and their influence on the recovery of phenolic compounds from
the three plants evaluated. The graphs for Rumex acetosa, Tropaeolum majus, and Stachys
byzantina are presented in Figures 1–3, respectively.

For Rumex acetosa, the first two principal components explained 89.5% of the total
variance (PC1 = 61.0% and PC2 = 28.5%), indicating that a two-dimensional space effec-
tively summarized the variability between extraction treatments. The positive association
between caffeic acid, p-coumaric acid, catechin, epicatechin, and quercetin characterized
method No. 5, suggesting that the extraction conditions employed in this protocol favored
the recovery of these compounds. In contrast, myricetin was mainly associated with meth-
ods No. 1, 3, 4, and 8, while chlorogenic acid, ferulic acid, and rutin clustered together and
showed a stronger association with methods No. 1, 3, 4, 8, and 10. Methods No. 2, 6, 7, and
9 were further removed from the phenolic variables, indicating lower extraction efficiency
of the compounds evaluated.
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Figure 1. PCA of phenolic acids and flavonoids in extracts of Rumex acetosa.

Figure 2. PCA of phenolic acids and flavonoids in extracts of Tropaeolum majus.
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Figure 3. PCA of phenolic acids and flavonoids in extracts of Stachys byzantina.

For Tropaeolum majus, PC1 and PC2 explained 56.7% and 26.1% of the total variance,
respectively, accounting for 82.8% of the cumulative variance. Similar to Rumex acetosa, the
high explanatory power of the first two components indicates a well-defined multivariate
structure and a relatively consistent response of phenolic compounds to extraction condi-
tions. Chlorogenic acid, p-coumaric acid, rutin, catechin, and myricetin showed a positive
association with methods No. 1, 3, 4, 6, 8, 9, and 10. In contrast, caffeic acid and quercetin
showed a stronger association with method No. 5. These results reinforce the influence of
extraction conditions on the selective recovery of phenolic compounds and highlight the
existence of specific extraction patterns for each compound in the same botanical matrix.

In Stachys byzantina, the first two principal components explained 75.3% of the total
variance (PC1 = 47.3% and PC2 = 28.0%), a smaller proportion than that observed in Rumex
acetosa and Tropaeolum majus. Although this percentage still provides a satisfactory repre-
sentation of the dataset, it suggests that a larger fraction of the variability was distributed
among the subsequent principal components. Unlike the other species, in which up to
nine phenolic compounds were quantified, only six were detected in quantifiable amounts
in Starchys byzantina extracts. However, these compounds responded differently to the
extraction treatments, resulting in a more dispersed multivariate distribution. The positive
association between caffeic acid, myricetin, and apigenin characterized methods No. 1,
5, and 8, while chlorogenic acid, p-coumaric acid, and ferulic acid were associated with
methods No. 1, 3, 4, 6, and 10. Furthermore, the lower explanatory power of principal
components 1 and 2 may reflect a less uniform extraction behavior among the quantified
compounds, potentially influenced by specific matrix characteristics, such as the densely
pubescent leaf surface of Stachys byzantina, which could affect solvent penetration and mass
transfer during extraction.

A notable finding across all three species was the recurring association of chlorogenic
acid with the most efficient extraction protocols. Because chlorogenic acid was consistently
among the predominant phenolic compounds recovered, regardless of the extraction strat-
egy, this result suggests that these unconventional food plants may be relevant dietary
sources of hydroxycinnamic acids.
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Overall, Principal Component Analysis (PCA) showed that extraction performance
depended strongly on interactions among the solvent system, extraction conditions, and
plant matrix. While Rumex acetosa and Tropaeolum majus exhibited more compact and
predictable multivariate structures, Stachys byzantina showed a more dispersed variabil-
ity distribution among extraction treatments. These results reinforce the importance of
optimizing species-specific extraction protocols and indicate that no single extraction strat-
egy is equally effective across all plant matrices when the goal is to maximize phenolic
compound recovery.

4. Conclusions
Extraction conditions significantly influenced the total phenolic content, antioxidant

activity, and phenolic profile of the evaluated unconventional food plants, showing that
no single extraction protocol was universally optimal for all species. This study showed
that extraction performance depends on the species and extraction conditions and should
therefore be selected based on the intended application, whether for routine compositional
analysis or for producing extracts rich in phenolic compounds. These results reinforce the
influence of extraction conditions on the selective recovery of phenolic compounds and
highlight specific extraction patterns for each compound within the same botanical matrix.

In general, methanol-based solvent systems, characterized by their high polarity and
small molecular size, promoted greater recovery of phenolic compounds. Furthermore,
solvent acidification and ultrasound-assisted extraction improved extraction efficiency,
highlighting the importance of both solvent composition and extraction technique in
maximizing phenolic recovery.

Each species showed distinct responses across the evaluated matrices. For Rumex
acetosa, extraction method 5, which used 80% methanol acidified with 1% hydrochloric acid
and ultrasound, provided the highest phenolic recovery. In contrast, method No. 1 was
most effective for Tropaeolum majus and Stachys byzantina. These results reinforce the need
to optimize extraction protocols for each matrix and indicate that extraction conditions
should consider both the botanical characteristics of the plant material and the intended
analytical or industrial application.

The predominance of chlorogenic acid among the quantified phenolic compounds
highlights the potential of these species as food sources of bioactive molecules with rec-
ognized antioxidant properties. In addition, the results contribute to the characterization
of little-explored unconventional food plants and corroborate their potential application
in functional foods and nutraceutical products. Future studies should expand the char-
acterization of phenolic compounds and optimize extraction strategies for different plant
matrices, strengthening the scientific basis for the nutritional valorization and wider use of
these species.
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Figure S3: Chromatogram of the phenolic compound profile for Method A (271 nm) and Method B
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