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Abstract

Flourensia cernua, commonly known as hojasén, is an endemic species from northern
Mexico used in herbal medicine as a remedy for various stomach and respiratory ailments.
In addition to its medicinal applications, this plant has notable antioxidant potential,
making it a promising area of study. A crucial aspect in plant studies is the extraction
method used, as conventional approaches can diminish the bioactivities present and affect
the environment. This study aims to compare two sustainable extraction techniques,
ultrasound and microwave-assisted (UAE/MAE), to maximize the yield of polyphenolic
compounds from F. cernua. The Taguchi L18 orthogonal array was employed to evaluate
total polyphenols and to examine independent variables, such as solvent concentration,
temperature, and time. Additionally, the total flavonoid content and antioxidant activity
were evaluated using the radicals ABTS•+ and DPPH•, and the compounds were identified
using RP-HPLC-ESI-MS. The results indicated that ultrasound showed better performance
in recovering total bioactive compounds, correlating with antioxidant activity. Moreover,
the in vitro, hemolytic, and antihemolytic assays demonstrated that F. cernua extracts
are biocompatible and exhibit significant protective activity against oxidative damage in
erythrocytes, supporting their potential cytoprotective and antioxidant properties. This
suggests that ultrasound-assisted extraction (UAE) is an effective method for extracting
phenolic compounds from F. cernua, with potential for optimizing conditions and facilitating
biotechnological and therapeutic applications.

Keywords: Flourensia cernua; biomolecules; ultrasound; microwave; bioactivity

1. Introduction
Flourensia spp. represents a group of wild plants distributed across a broad area,

ranging from the southern United States to Mexico, Peru, Bolivia, and into Argentina [1,2].
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The genus Flourensia includes approximately 42 species, of which at least 9 have been found
in Mexico [3,4]. In the state of Coahuila, three species of this genus have been considered
endemic: F. cernua, F. microphylla, and F. retinophylla [5]. Flourensia cernua, commonly
known as “hojasén,” is the species that has been the subject of the most studies due to its
antioxidant effects [6,7].

This plant is found in the deserts of Sonora and Chihuahua, extending into other states
of Mexico such as Nuevo León, Coahuila, San Luis Potosí, and Zacatecas [6,8,9]. It has
resinous, slender branches that range in color from light gray to brown, with dark green,
resinous leaves. Its hanging flowers feature yellow disks, and its fruit is a fuzzy achene that
can measure up to 1 cm in length, with a characteristic tar-like odor [10–12]. In Mexico, this
plant has been used over the years, primarily by grandmothers, as a remedy in the form
of tea to treat intestinal diseases such as indigestion, as well as disorders like rheumatism,
venereal diseases, herpes, bronchitis, chickenpox, and the common cold [13–15]. Physic-
ochemically, this species is mainly composed of polyphenolic compounds and essential
oils [6,12]. The flavonoids include flavones, flavanones, and flavonols, among which are el-
lagic acid, catechin, quinic acid, and methyloscillate [3,5,16]. Additionally, the essential oils
of Flourensia cernua are composed of sesquiterpenes, such as ledol, caryophyllene, flouren-
sadiol, α-endemol, limonene, γ-eudesmol, myrcene, borneol, δ-3-carene, α-himachalene,
and α-gurjunene, characterized by having a basic structure of 15 carbon atoms [3,5,17].

Recent research on Flourensia cernua has demonstrated significant biological activ-
ities in its extracts, mainly highlighting antioxidant activity, which is associated with
anti-inflammatory, anticancer, and antidiabetic properties evaluated in vitro [6,18]. Addi-
tionally, antifungal activity has been reported against fungi such as Fusarium oxysporum,
and F. cernua has inhibited Rhizopus stolonifer in ethanolic and aqueous extracts [10,19].
On the other hand, studies on F. cernua have evaluated aqueous and ethanolic extracts
using different extraction methods. In recent years, two prominent technologies have
been ultrasound-assisted extraction and microwave-assisted extraction. Ultrasound waves
cause mechanical rupture in the cell wall, dispersing bioactive compounds. Additionally,
localized heating of the solvent increases the extract’s propagation, thus improving mass
transfer across the solid–liquid interface [20,21]. Microwave-assisted extraction operates
through a mechanism that allows contactless heating, reducing the thermal gradient and
accelerating energy transfer. This technique is used to extract flavor compounds, antioxi-
dants, and essential oils [22]. Both extraction technologies are considered “green” due to
their advantages, such as shorter extraction times and higher yields in recovering bioactive
compounds [11,23]. Moreover, the optimal selection of experimental conditions is essential
for maximizing the informative content of data, which in turn facilitates inference and
prediction [24]. Design of Experiments (DOE) utilizes a system model to systematically
choose experimental conditions or designs, thereby maximizing the informative content
of observations for parameter inference [24]. The Taguchi method, on the other hand, is
a robust approach designed to improve product development. It is based on orthogonal
designs that allow for the estimation of the main effects and interactions of noise con-
trols, while secondary interactions of controls are minimized [25]. This method has been
recently applied in engineering, biotechnology, and biomedical fields [26]. In addition
to antioxidant, antimicrobial, and anticancer activities, several studies have emphasized
the importance of hemolytic and antihemolytic assays as complementary in vitro mod-
els to evaluate the biocompatibility and cytoprotective potential of plant extracts. This
study aimed to quantify total hydrolysable polyphenols and total flavonoids in Flourensia
cernua extracts obtained by ultrasound and microwave; assess the effects of extraction
type, solvent, temperature, and time on antioxidant and antihemolytic responses under
a Taguchi L18 design; and identify major constituents by RP-HPLC-ESI-MS. Overall, our
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findings provide a reproducible and sustainable basis to optimize bioactive recovery from
F. cernua [27,28].

2. Materials and Methods
2.1. Plant Material and Characterization

Plant material of Flourensia cernua was collected during the summer in the region of
General Cepeda, Coahuila, Mexico (August 2023). Leaves were dried at 50 ◦C for 72 h in
a temperature-controlled oven and stored at room temperature until analysis. To avoid
damage to wild populations, only aerial parts (leaves and tender twigs) were harvested
non-destructively, without removing roots or stems, allowing continued vegetative growth
and regeneration.

2.2. L18 Orthogonal Taguchi Experimental Array

This design was applied for the extraction methods to determine the conditions
that would favor polyphenol extraction under the following extraction methods using
ultrasound and microwave.

2.2.1. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction was performed in an ultrasonic bath (JPS-10A VEVOR) fol-
lowing a published methodology [29]. The bath tank measured 23.2 cm × 13.5 cm × 16 cm.
Ultrasonic cavitation caused a mild temperature rise in the bath (30 to 50 ◦C). Dried plant
powder (2.5 g) was placed in a 50 mL conical tube together with the extraction solvent
according to the experimental design (Table 1). The tube containing the suspension was
immersed in the bath water and sonicated for the preset extraction time. Finally, extracts
were filtered through muslin cloth and stored at −20 ◦C until analysis.

Table 1. MINITAB generated conditions for designing and statistically analyzing the complementary
analysis of quintuple mixtures (software, version 19).

Treatment Concentration Temperature, ◦C Time, min

Ultrasound 0 30 5
Ultrasound 0 40 10
Ultrasound 0 50 20
Ultrasound 30 30 5
Ultrasound 30 40 10
Ultrasound 30 50 20
Ultrasound 50 30 10
Ultrasound 50 40 20
Ultrasound 50 50 5
Microwave 0 30 20
Microwave 0 40 5
Microwave 0 50 10
Microwave 30 30 10
Microwave 30 40 20
Microwave 30 50 5
Microwave 50 30 20
Microwave 50 40 5
Microwave 50 50 10

2.2.2. Microwave-Assisted Extraction (MAE)

A microwave extraction reactor (Ethos CFR Milestone) with a maximum capacity of
170 mL and a stirring speed of 100 revolutions per minute was used. The experimental
design for the MAE followed a Taguchi design, which considered three experimental
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factors: solvent composition (0%, 30%, and 50% ethanol in water), extraction time (5, 10,
and 20 min), and temperature (30, 40, and 50 ◦C). In the reactor, powdered Flourensia cernua
leaves were dissolved with the solvent in a ratio of 1:10 (w/v), following the experimental
design presented in Table 1.

2.3. Quantification of Total Hydrolysable Polyphenols (THPs)

The total content of hydrolyzable polyphenols was determined using the Folin–
Ciocalteu method, following Wong-Paz et al. [29]. The method was performed in a mi-
croplate with sample volumes of 20 µL. Then, 20 µL of Folin–Ciocalteu reagent was added
and allowed to rest for 5 min. Subsequently, 20 µL of Na2CO3 (0.01 M) was added to each
sample and allowed to sit for another 5 min. After that, 125 µL of distilled water was added
to dilute the samples with the reagents. Finally, the samples were read at an absorbance of
790 nm using a microplate reader (Thermoscientific multiskan SkyHigh).

2.4. Quantification of Total Flavonoids (TFC)

The total flavonoid content was determined using the methodology described by
Vargas-Rueda et al. [30]. A volume of 200 µL of the extracts was added to each well of
the microplate. Subsequently, 75 µL of 5% sodium nitrite solution was added, and the
mixture was shaken and incubated for 5 min. Afterward, 370 µL of 2% aluminum chloride
solution was added, mixed again, and incubated for an additional 5 min. Finally, 500 µL
of 4% sodium hydroxide solution and 500 µL of water were added to each sample. The
absorbance of each sample was measured at 510 nm using a microplate reader.

2.5. Antioxidant Activity
2.5.1. ABTS•+ Radical Cation (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
Acid)) Assay

The antioxidant activity of the extracts obtained from Flourensia cernua using mi-
crowave and ultrasound was assessed using the ABTS•+ assay, following the method of
Valero-Mendoza et al. [31]. ABTS•+ was formed by mixing a stock solution of ABTS (7 mM)
with potassium persulfate (2.45 mM) in distilled water, and the mixture was kept at room
temperature in the dark for 12–16 h. The assay was conducted in a microplate with a
volume of 200 µL. The reaction was initiated by mixing 20 µL of the sample solution with
180 µL of diluted ABTS•+ (absorbance 0.7 at 734 nm). The decrease in absorbance was mea-
sured at 734 nm after 1 min of incubation for each well. The effect of radical scavenging was
expressed as a percentage of radical scavenging activity using the following Equation (1):

ABTS•+scavenging(%) =
A − As

A
× 100 (1)

where A and As are the absorbance of the control solution and the absorbance of the sample
solution, respectively.

2.5.2. Antioxidant Activity by 1,1-Diphenyl-2-Picrylhydrazyl (DPPH•)

To evaluate the DPPH• radical scavenging activity, a method based on that of Estrada-
Gil [32] was used, with some modifications. The DPPH solution was prepared in methanol
at a concentration of 60 µM, using methanol as the reading blank. In a 96-well microplate,
20 µL of each sample and 180 µL of the DPPH• radical solution were added. The samples
were covered and incubated for 30 min, protected from light. Subsequently, the absorbance
was measured at 517 nm using a microplate spectrophotometer. The effect of DPPH•radical
scavenging was expressed according to the following Equation (2):

DPPH•scavenging(%) =
A − As

A
× 100 (2)
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where A and As are the absorbance of the control solution and the absorbance of the sample
solution, respectively.

2.6. RP-HPLC-ESI-MS Analysis

RP-HPLC-ESI-MS was used to tentatively identify secondary metabolites present in
F. cernua extracts. The Varian HPLC system included an auto-sampler (Varian ProStar 410,
USA), a ternary pump (Varian ProStar 230I, USA), and a PDA detector (Varian ProStar
330, USA). Additionally, a Varian 500-MS IT mass spectrometer (USA) equipped with an
electrospray ionization source was used. Samples (5 µL) were injected into a Denali C18
column (150 mm × 2.1 mm, 3 µm, Grace, USA). The oven temperature was maintained
at 30 ◦C. The eluents consisted of formic acid (0.2% v/v) in water (solvent A), which was
pre-filtered through a 0.45 µm nylon membrane and degassed, and HPLC-grade acetonitrile
(solvent B). The following gradient was applied: initial, 3% B; 0–5 min, linear increase to
9% B; 5–15 min, linear increase to 16% B; 15–45 min, linear increase to 50% B. The column
was washed and reconditioned. The flow rate was maintained at 0.2 mL/min, and elution
was monitored at 245, 280, 320, and 550 nm. The entire effluent (0.2 mL/min) was injected
into the mass spectrometer source without splitting. All MS experiments were conducted
in negative mode [M-H]−. Nitrogen was used as the nebulizer gas, and helium served as
the collision gas. Source parameters: spray voltage of 5.0 kV, a capillary voltage of 90 V,
and source at 350 ◦C. Data were acquired with Varian MS Workstation software (v 6.9). in
full-scan m/z 50–2000 [33].

Compound identification. Assignments were tentatively based on accurate mass,
isotopic pattern, diagnostic MS/MS fragments, and retention behavior compared with
the literature reports; no authentic standards were used in this study. Peak numbering in
Tables 1 and 2 follows the chromatographic order.

Table 2. Compounds identified by RP-HPLC-ESI-MS in microwave-assisted ethanolic leaf extracts of
Flourensia cernua.

RT (min) Mass Compound

12.5 341 Caffeic acid 4-O-glucoside Hydroxycinnamic acids

15.141 352.9 1-Caffeoylquinic acid Hydroxycinnamic acids

37.492 352.9 3-Caffeoylquinic acid Hydroxycinnamic acids

40.072 592.9 Apigenin 6,8-di-C-glucoside Flavones

42.566 310.9 Caffeoyl tartaric acid Hydroxycinnamic acids

44.427 563.0 Apigenin arabinoside-glucoside Flavones

47.288 562.9 Apigenin galactoside-arabinoside Flavones

51.291 293 Caffeoyl aspartic acid Hydroxycinnamic acids

53.25 514.9 1,3-Dicaffeoylquinic acid Hydroxycinnamic acids

54.054 514.9 1,5-Dicaffeoylquinic acid Hydroxycinnamic acids

56.805 514.9 3,4-Dicaffeoylquinic acid Hydroxycinnamic acids

58.596 317 Myricetin Flavonols

59.901 313 Cirsimaritin Methoxyflavones

2.7. Hemolytic Activity

Ethical oversight and consent. This in vitro assay used self-donated human blood,
involved minimal risk and no identifiable data, and was conducted in accordance with
the guidelines of the Ethics Committee of the Facultad de Ciencias Químicas and the
Declaration of Helsinki. According to institutional policy, this activity was exempt from
formal ethics review. Written informed consent was obtained from the donor.
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Evaluating hemolytic activity is essential to determine the biocompatibility and safety
of Flourensia cernua extracts, as high therapeutic or antioxidant potential does not necessarily
ensure the absence of cytotoxic effects on human erythrocytes [34]. Hemolytic activity was
assessed according to the standard method, with modifications [35]. Fresh human blood
was collected on the same day of the experiment from a healthy donor and anticoagulated
with Alsever’s solution. The sample was then centrifuged at 3200 rpm for 5 min to
remove platelets and plasma. The erythrocytes were washed three times with Alsever’s
solution and resuspended at 2% hematocrit in Alsever’s for immediate use. Erythrocytes
were incubated with plant extracts (0–1000 ppm) for 30 min at 37 ◦C. After incubation,
samples were centrifuged (3200 rpm, 5 min), and supernatants were read at 540 nm using
distilled water as the spectrophotometric blank. Controls were defined as follows: 0%
hemolysis = erythrocytes in Alsever’s (vehicle) and 100% hemolysis = erythrocytes lysed
in distilled water (hypotonic lysis.

The percentage of hemolysis (hemolysis, %) was calculated using the following
Equation (3):

%H =
(A sample − Ac−)

(Ac ++− Ac)
× 100 (3)

According to ASTM F756, materials are classified as non-hemolytic (<2%), slightly
hemolytic (2–5%), or hemolytic (<5%). Measurements were performed in triplicate (n = 3)
and analyzed by one-way ANOVA followed by Fisher’s LSD (α = 0.05).

2.8. Antihemolytic Activity Assay

The antihemolytic activity of Flourensia cernua extracts was evaluated according to
previously reported methods for assessing erythrocyte protection against oxidative and
osmotic damage, with slight modifications. Fresh human blood was collected on the
same day of the assay from a healthy donor and anticoagulated with Alsever’s solution.
The sample was centrifuged at 3200 rpm for 5 min to remove plasma and platelets, and
erythrocytes were washed three times with the same solution. A 2% erythrocyte suspension
was prepared for immediate use. For the oxidative model, 500 µL of each treatment
was mixed with 500 µL of hydrogen peroxide (H2O2) 3% and incubated at 37 ◦C for 1 h.
Subsequently, 100 µL of the mixture was added to 400 µL of the erythrocyte suspension
and incubated again for 1 h at 37 ◦C. For the osmotic model, the same procedure was
followed using sodium carbonate (Na2CO3) 5% instead of hydrogen peroxide. Distilled
water and Alsever’s solution were used as positive and negative controls, respectively.
After incubation, the samples were centrifuged at 3500 rpm for 5 min, and 100 µL of the
supernatant was transferred to a 96-well plate to measure absorbance at 540 nm [36]. The
percentage of antihemolytic activity (%AH) was calculated according to the following
Equation (4):

%AH =
(Absorbance of sample − Absorbance C−)

(Absrbance C +−Absrbance C−)
× 100 (4)

2.9. Data Analysis

Data was analyzed in Minitab 19 (α = 0.05). For Taguchi L18 screening, we fitted
factorial ANOVA models to test the main effects; post hoc comparisons used Fisher’s LSD.
Treatment-wise 95% confidence intervals (Cls) were computed from the pooled residual

variance (MSE) of the ANOVA as mean ± t0.975, df.
√

ME
n . Assumptions (normality and

homoscedasticity) were checked with residual diagnostics. Given the L18 resolution, inter-
actions were not the focus and are not interpreted beyond model diagnostics. Additional
information can be found in the Supplementary Materials.
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3. Results
3.1. Quantification of Total Hydrolyzable Polyphenols and Total Flavonoids

Purpose: To quantify total hydrolyzable phenolics (TPC; mg GAE/g extract) and
total flavonoids (8 mg QE/g extract) across the Taguchi L18 treatments and to compare
extraction methods (ultrasound vs. microwave).

TPC values were reported for each factor-level combination in the exploratory design.
The Taguchi design, applicable in various biological, food, and biotechnological fields,
allowed for the identification of experimental factors that had the greatest influence on the
process of interest (Aranda-Ledesma et al. [23]). In Figure 1, a comparison between the two
extraction methods is shown, where the ultrasound treatment exhibited the highest yield,
reaching 14.80 mg of GAE extract, compared with 11.63 mg of GAE/g extract obtained
by microwave extraction. This behavior was consistent with the conditions used in this
study; in both methods, the greatest recovery occurred with a hydroalcoholic solvent of
50% ethanol and 50% water.

 
(a) (b) 

Figure 1. Total hydrolyzable phenolics (TPC) and total flavonoids (TFC) in Flourensia cernua across
Taguchi L18 treatments. (a) Total hydrolyzable phenolics (mg GAE/g extract). (b) Total flavonoids
(mg QE/g extract). Bars show mean ± SD of duplicate measurements (technical replicates). Different
letters above the bars denote significant differences among treatments (one-way ANOVA followed
by Fisher’s LSD, α = 0.05). Factor levels for each treatment are listed in Table 1. Statistics (a):
F (17,18) = 193.77, p < 0.0001; MSE = 0.194 (mg GAE/g)2; 95% Cl per treatment = mean ± 0.655 mg
GAE/g (n = 2); Fisher’s LSD (α = 0.05) = 0.926 mg GAE/g. Statistics (b): F (17,18) = 168.60, p < 0.0001;
MSE = 3.506 (mg QE/g)2 95% Cl per treatment = mean ± 2.782 mg QE/g (n = 2); Fisher’s LSD
(α = 0.05) = 3.934 mg QE/g.

Model predictions indicated that the highest TPC would be achieved under extraction
conditions using 50% ethanol and an extraction time with an extraction of 10 min. Similarly,
for flavonoids, the treatments indicated that this extraction time was also appropriate.

Statistical analysis predicted that the maximum yield of hydrolyzable polyphenols
would be achieved under extraction conditions using a 50% solvent, with a ratio and extrac-
tion time of 10 min. Similarly, treatments for the determination of flavonoids indicated that
treatment 8 yielded the best result among the ultrasound treatments. Figure 1 displays the
18 treatments under the Taguchi L18 design; treatment 17 showed a significant difference,
with 70.12 mg/g, while treatment 8 with ultrasound achieved a yield of 65 mg/g. This
trend differs from the results previously obtained with hydrolyzable polyphenols.

To assess the impact of independent factors on the extraction processes using ul-
trasound and microwaves, we employed a screening design aimed at minimizing the
extraction time while maximizing yields [37]. Contour plots helped visualize the statis-
tically significant effects detected in the analysis of factors in the extraction of phenolic
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compounds present in F. cernua. For total hydrolyzable phenolics (TPC), higher responses
were observed at temperatures ≥ 40 ◦C and times ≥ 17 min (Figure 2a); increasing the tem-
perature toward 50 ◦C and extending the time further increased TPC. For total flavonoids,
factor effects were weaker and did not reach statistical significance at α = 0.05 (Figure 2b).
Overall, these trends delineate an operating window rather than a single optimum. Fig-
ure 2a shows the response surface for time (min) and temperature (◦C); the color scale
represents TPC (mg GAE/g extract).

 
(a) (b) 

Figure 2. Response contours as a function of time and temperature under ultrasound. (a) TPC (mg
GAE/g extract vs. time (min) and temperature (◦C). (b) Total flavonoids (mg QE/g extract) vs. time
(min) and temperature (◦C). Color scale indicates response level. Surfaces derive from the fitted
model; dots mark experimental runs. Solvent fraction fixed and 50% ethanol, unless otherwise stated.

In Figure 3a,b, the main effects of the exploratory design for F. cernua are presented.
Regarding the type of extraction, a significant difference is observed between ultrasound
and microwave methods, indicating that ultrasound is more effective for extracting total
polyphenols. Concerning solvent concentration, an increase in ethanol–water levels at
30% and 50% was noted. However, temperature did not show significant differences for
this variable. Finally, the extraction time suggests that it needs to be increased to reach an
optimal point for maximizing recovery.

 
(a) (b) 

Figure 3. Main effect plots (Taguchi) for extraction factors in Flourensia cernua. (a) Total hydrolyzable
phenolics (TPC; mg GAE/g extract). (b) Total flavonoids (mg QE/g extract). Each panel shows the
mean response at each level of the factors (extraction type, extraction solvent (% ethanol), temperature
(◦C), time (min), after averaging over the levels of the other factors. The dashed line indicates
overall (grand) mean. Higher departures from the dashed line denote stronger main effects (levels:
ultrasound/microwave; 0–30% ethanol, 30–40–50 ◦C, 5–10–20 min).
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3.2. Antioxidant Activity

The purpose of this assay is to compare radical scavenging responses across Taguchi
L18 treatment using the DPPH• and ABTS•+ assays. Figure 4 shows inhibition (%) for
the 18 treatments. The highest percentage of inhibition among the 18 treatments was
observed for treatment 17, with an inhibition rate of 65.36% (DPPH•). Conversely, when
evaluating antioxidant activity using the ABTS•+ radical, a higher percentage of inhibition
was recorded overall compared with the DPPH radical. Notably, treatment 1 exhibited 80%
ABTS•+ inhibition, while treatment 18 demonstrated the highest ABTS•+ activity at 94%.
These antioxidant activity results are broadly consistent with the content of total flavonoids
and total hydrolyzable polyphenols (TPC), as the presence of these secondary metabolites
can contribute to the overall antioxidant effect.

  
(a) (b) 

Figure 4. Radical scavenging activity by DPPH• and ABTS•+ across Taguchi L18 treatments.
(a) DPPH• inhibition (%). (b) ABTS•+ inhibition (%). Bars show mean ± SD of duplicate mea-
surements (technical replicates. Different letters above the bars denote significant differences among
treatments (one-way ANOVA followed by Fisher’s LSD, α = 0.05). X-axis Treatment (L18). Statistics
(a) DPPH: F (3,14) = 4.83, p = 0.016; MSE = 142.24 (%)2; 95% CI = mean ± 18.09% (n = 2); LSD = 25.58%.
Statistics (b) ABTS: F (3,14) = 3.05, p = 0.064; MSE = 504.40 (%)2; 95% CI = mean ± 34.06% (n = 2);
LSD = 48.17%.

Figure 5a,b illustrate the main effects of the exploratory design of F. cernua in deter-
mining antioxidant activity. Regarding the type of extraction, a significant difference in
favor of ultrasound extraction compared to microwave extraction is observed. The type
of solvent also has a significant effect, like that observed in the determination of total
polyphenols. In the analysis with DPPH•, a linear trend indicates that the optimal solvent
concentration is 50%. A similar behavior is noted in the DPPH• test, although the line is
less straight, suggesting that higher activity percentages were obtained in the ABTS•+ test.
Concerning temperature, the DPPH• test shows no significant differences, while ABTS•+

reveals a favorable trend when working at 50 ◦C. Finally, regarding extraction time, DPPH•

indicates that at least 20 min are needed to achieve significant activity in both techniques.
These results can be correlated with previous findings, allowing for the selection of optimal
conditions to maximize both yield and antioxidant activity.
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(a) (b) 

Figure 5. Main effects (Taguchi) for antioxidant activity. (a) DPPH• Inhibition (%). (b) ABTS•+

Inhibition (%). Each panel shows the mean response at each factor level (type of extraction; solvent
fraction (% ethanol); temperature (◦C); time (min) pooled over the remaining factors. The dashed line
indicates the grand mean; larger deviations from the grand mean denote stronger main effects. Assay
conditions: 30 min; add concentration if applicable (100 µg/mL).

Regarding temperature, a significant effect is observed at 50 ◦C; to optimize the
recovery of compounds, it is essential to work at this temperature or higher. Finally, the
analysis indicates that the ideal extraction time is 20 min, effectively combining the two
evaluated factors. Figure 6 shows the response surface generated by the software used
in the exploration design, which indicates that the best conditions for each variable were
achieved through the ultrasound extraction technique. This technique, combined with
a solvent concentration of 50% ethanol in water, allows for the extraction of a greater
number of bioactive compounds, which in turn increases antioxidant activity. Additionally,
combining a temperature of 40 ◦C with an extraction time of 20 min yields the optimal
conditions for maximizing results, which is essential for establishing an effective starting
point in the chosen extraction process.

 
(a) (b) 

Figure 6. (a) Response contour determination of Flourensia cernua DPPH• radical antioxidant activity
as a function of time and temperature. (b) Response contour graph of Flourensia cernua ABTS•+

radical antioxidant activity as a function of time and temperature. To better visualize the results,
Figure 6a,b highlight that the most effective extraction method is ultrasound, with a 50% ethanol
concentration maximizing the recovery of the compounds of interest.

3.3. Identification of Secondary Metabolites Present in Flourensia cernua

With the intent of identifying secondary metabolites in ethanolic leaf extracts using
RP-HPLC-ESI-MS, and to compare microwave and ultrasound-assisted extraction, the
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chromatographic methodology was employed. The extracts of Flourensia cernua were
identified by RP-HPLC-ESI-MS. Table 2 lists the compounds identified in the microwave-
assisted ethanolic leaf extract (retention times and m/z with MS/MS fragments), whereas
Table 3 presents those identified in ultrasound-assisted ethanolic leaf extracts. In total,
fifteen compounds were identified in the leaves of F. cernua, most of which were flavonoids.
Flavonoids represent the largest group of polyphenols, encompassing flavones, flavonols,
flavanones, flavanols, isoflavonoids, and anthocyanidins [32,33]. These compounds exhibit
relevant bioactivities in vitro and in vivo [33] (identification levels and the use of authentic
standards are detailed in Methods).

Table 3. Compounds identified by RP-HPLC-ESI-MS in ultrasound-assisted ethanolic leaf extracts of
Flourensia cernua.

RT (min) Mass Compound

7.66 355 Ferulic acid 4-O-glucoside Methoxycinnamic acids

11.398 340.9 Caffeic acid 4-O-glucoside Hydroxycinnamic acids

12.196 341.0 Caffeic acid 4-O-glucoside Hydroxycinnamic acids

15.218 352.9 1-Caffeoylquinic acid Hydroxycinnamic acids

38.994 593 Apigenin 6,8-di-C-glucoside Flavones

39.977 593 Luteolin 7-O-rutinoside Flavones

43.186 311 Caffeoyl tartaric acid Hydroxycinnamic acids

44.626 563 Apigenin arabinoside-glucoside Flavones

45.148 563 Apigenin galactoside-arabinoside Flavones

46.042 563 Apigenin 7-O-apiosyl-glucoside Flavones

47.019 562.9 Theaflavin Theaflavins

48.092 364.9 Secoisolariciresinol Lignans

52.099 338.9 Esculin Hydroxycoumarins

53.872 514.9 1,3-Dicaffeoylquinic acid Hydroxycinnamic acids

54.948 514.9 1,5-Dicaffeoylquinic acid Hydroxycinnamic acids

58.757 317 Myricetin Flavonols

59.93 313.1 Cirsimaritin Methoxyflavones

It is noteworthy that, in both cases, apigenin remains the predominant compound.
However, luteolin was also identified, a flavonoid that has not been frequently reported
in Flourensia cernua yet possesses important biological properties, particularly regarding
antioxidant activity. These results are clearly related to the analytical determination of total
polyphenols and antioxidant activity conducted in this study. The abundance of phenolic
compounds is associated with the high antioxidant activity observed, which has previously
been compared in other studies [34].

3.4. Hemolytic Activity

Purpose: To assess the hemolytic effect of F. cernua extracts on human erythrocytes
across the tested concentration range.

Flourensia cernua is a plant commonly used in traditional herbal medicine to alleviate
gastrointestinal discomfort; however, further research is needed to establish the concentra-
tion thresholds at which its extracts may exert toxic effects. Figure 7 shows the percentage
of hemolysis of human erythrocytes treated with different extract concentrations. The
hemolysis values remained below 5%, indicating that the extracts did not cause significant
membrane damage and can be considered non-hemolytic under the tested conditions. Four
of the five treatments were statistically similar according to Fisher’s test, confirming the
extract’s biocompatibility within the evaluated concentration range.
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Figure 7. Hemolytic activity of Flourensia cernua ethanolic extracts on human erythrocytes. Hemolysis
(%) after exposure to indicated extract concentrations (mg/L): the “+” on the x-axis denotes the
positive control (distilled water). Values are mean ± SD (N = 3 technical replicates). PBS served as the
negative control (0 mg/L). The dashed line at 5% marks the non-hemolytic threshold. Similar letters
indicate no significant differences (one-way ANOVA, Fisher’s LSD, α = 0.05). Statistics (hemolysis):
F(5,12) = 58.94, p < 0.0001; MSE = 0.020 (%2), 95% CI = mean ± 0.18% (n = 3); LSD (α = 0.05) = 0.25%.

3.5. Antihemolytic Activity

Additionally, the antihemolytic activity of the extracts was evaluated against hemolytic
agents such as sodium carbonate (Na2CO3) and hydrogen peroxide (H2O2) to determine
their protective capacity on erythrocytes. As shown in Figure 8, F. cernua exhibited pro-
tective effects greater than 80% under Na2CO3 treatment and above 100% against H2O2-
induced hemolysis. These values demonstrate a remarkable protective effect, particularly
against oxidative damage induced by peroxide, likely associated with the antioxidant
capacity previously confirmed through DPPH and ABTS assays. According to Fisher’s
test, significant differences were observed between both hemolytic agents, with higher
protection against oxidative stress caused by free radicals.

 

Figure 8. Antihemolytic activity (protective) effect of Flourensia cernua extracts against hemolysis
induced by sodium carbonate (NaCO3) and hydrogen peroxide (H2O2). Protection (%) after in-
cubation at the indicated extract concentrations (mg/L). Bars show mean ± SD (n = 3 technical
replicates). Different letters indicate a significant difference between agents at each concentration
(one-way ANOVA, Fisher’s LSD, α determined by Fisher = 0.05). Note: Values > 100% may occur
due to the protection formula when treated samples exhibit lower absorbance than the negative
control (see Methods). Statistics (Na2CO3, H2O2): F (5,12) = 408.96, p < 0.0001; MSE = 0.95 (%2); 95%
CI = mean ± 1.23% (n = 3); LSD = 1.74%.
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4. Discussion
4.1. Total Hydrolyzable Phenols and Flavonoids

The factors evaluated in this study are crucial for maximizing the recovery of phenolic
bioactives from F. cernua. Among them, solvent composition was the primary driver. Using
water and 50% ethanol as extraction media, the best results for both ultrasound-assisted
extraction (UAE) and microwave-assisted extraction (MAE) were consistently obtained
with the hydroalcoholic extract, in line with previous observations for F. cernua and other
botanicals [38–44]. This behavior reflects the complementary roles of the binary solvent
system: water promotes tissue swelling and enhances the hydration of cell walls, thereby
facilitating the diffusion of solutes, while ethanol, owing to its medium polarity, broadens
the solvation window toward moderately polar and some less polar phenolics, weakening
solute matrix interactions and improving mass transfer [23,37,38]. As a result, ethanol–
water mixtures often display a synergistic effect on polyphenol recovery compared with
either solvent alone [38]. These patterns also help contextualize the literature variability.
For example, Wong-Paz et al. [29] reported lower values for hydrolyzable polyphenols
by UAE (~3.0 mg/g), which can reasonably be attributed to factors such as harvesting
season and concomitant variation in native phenolic profiles, in addition to differences in
matrix pretreatment, particle size, and solvent formulation. Within this solvent framework,
our data indicate that temperature exerted a nonlinear, technique-dependent influence.
When the process was constrained below ~40 ◦C, yields decreased consistently with limited
solubility at lower temperatures, whereas increasing the temperature beyond that threshold
tended to plateau rather than deliver proportional gains. Importantly, excessive heating can
compromise recovery by distinct mechanisms in UAE versus MAE: in UAE, higher bulk
temperatures elevate vapor pressure within cavitation nuclei, dampening bubble collapse
intensity and thus the mechanical disruption that drives cell wall rupture and solvent
penetration; in MAE, dielectric heating accelerates extraction but can, at sufficiently high
temperatures, promote thermal oxidative degradation of labile phenolics and undesirable
solvent loss [23]. In agreement with Aranda-Ledesma [23], microwave-driven processes at
temperatures above ~60 ◦C showed diminished returns, underlining the need to balance
kinetic acceleration with compound stability. Time was likewise decisive. Under our
conditions, UAE achieved higher yields at ~20 min, whereas MAE produced substantial
recovery in ~5 min, reflecting the more rapid energy deposition and solvent matrix heating
inherent to microwaves. Extending the microwave process to 30 min, as reported by Arand-
Ledesma et al. [23], further increased yields in that study, consistent with the notion that
the majority of recoveries accrue within the first 25–30 min under optimized mass transfer
regimes [23,40]. Nevertheless, time optimization should explicitly weigh the marginal gains
in yield against energy input and operating costs, especially for scale-up, as highlighted
by other authors [29]. Taken together, these results support a practical extraction envelope
for F. cernua in which a 50% ethanol–water solvent maximizes the polarity match and
matrix swelling needed for broad phenolic coverage [37,43]; temperature is tuned to
enhance diffusivity without undermining cavitation efficacy (UAE) or inducing thermal
degradation [23]; and extraction time is set near the window where mass transfer benefits
asymptotically approach a plateau (~20 min for UAE and ≤ 5–30 min for MAE depending
on power temperature), thereby minimizing energy cost per unit yield [23,29,40].

4.2. Antioxidant Activity

Antioxidant activity is among the most investigated bioactivities in plant extracts
because diverse secondary metabolites quench reactive species and mitigate cellular alter-
ations; the complexity of oxidative processes in plants further shapes this response [23]; an
aqueous extraction of Flourensia cernua leaves at 60 ◦C for 2 h under stirring showed that,
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under those conditions, ABTS•+ outperformed DPPH•, supporting the predominant role of
phenolics in this species [29]. Consistently, Aranda-Ledesma [17] reported high ABTS•+

inhibition in aqueous extracts of F. cernua.
In our study, the inhibition profiles followed a similar trend in both assays (Figure 4a,

DPPH at 517nm, and Figure 4b, ABTS), with higher responses in complex matrices due to
their greater reactivity with both hydrophilic and lipophilic antioxidants and sensitivity
to reducing agents [40–42]; in F. cernua, total reducing sugars may contribute to ABTS•+

signals [40,42,44]. By contrast, DPPH• shows steric hindrance and slower kinetics toward
certain antioxidants, so it does not always mirror ABTS•+ magnitudes [41,42,45]. Accord-
ingly, we report % inhibition at a fixed concentration and refer comparisons directly to the
figures, avoiding metrics not determined in this work.

Between-treatment differences reflect the phenolic composition and processing. Water–
ethanol (50%) enhances phenolic recovery via a synergistic mechanism, matrix swelling
(water), plus disruption of solute matrix bonding improves mass transfer (ethanol) [41,42].
Variability across studies also arises from the diversity of phenolic structures and the
position of OH groups, which control the reaction pathway involved [38,40]. Overall, our
results support that the chosen operating window (50% solvent, moderate conditions, and
processing scheme) aligns with a higher antioxidant response.

One of the most extensively studied bioactivities in plant extracts is the antioxidant
activity. This interest stems from the wide variety of plants that contain different secondary
metabolites, which confer this important biological function, helping to counteract various
cellular alterations. The complexity of oxidation processes in plant organisms plays a
significant role in this activity [23]. In a study conducted by Alvarez-Pérez et al. [6],
aqueous extraction of Flourensia cernua leaves was performed by subjecting them to a
temperature of 60 ◦C for 2 h with constant stirring. This procedure resulted in inhibition
percentages of 85.82% for DPPH• and 58.15% for ABTS•+. These results support the idea
that phenolic compounds significantly contribute to the antioxidant and free radical activity
of extracts from this plant [29].

The findings of this study are like those reported by Aranda-Ledesma et al. [17], who
achieved an inhibition value of 76.30% with ABTS•+ in aqueous extracts of F. cernua leaves.
As shown in this analysis, ABTS•+ exhibits higher activity compared to the DPPH• radical.
This can be attributed to the sensitivity of the ABTS•+radical, which reacts more readily
with hydrophilic and lipophilic compounds [40,42], as well as with reducing agents [41],
such as total and reducing sugars present in F. cernua [40,42]. In contrast, the DPPH• radical
primarily reacts with hydrophilic compounds, such as gallic acid [42,45].

4.3. Identification of Secondary Metabolites Present in Flourensia cernua

The major compounds identified were apigenin glucoside and caffeic acid, both
known for their significant biological activities in various plants. According to Álvarez-
Pérez et al. [6], apigenin stands out as the predominant compound in the characteriza-
tion of F. cernua. Among flavonoids, apigenin (4′,5,7-trihydroxyflavone) is one of the
most widely distributed compounds in vegetables and fruits and is also one of the
most studied. Apigenin can occur in glycosylated forms, and its glycosylation state can
interfere with metabolism in various ways, thereby affecting its antioxidant potential
and bioactivities [46,47]. Aguirre-García et al. [11], through HPLC-MS characterization,
identified the main polyphenolic compounds as apigenin arabinoside glucose (25.69%),
1,3-dicaffeoylquinic acid, 1-caffeoylquinic acid, and 4′-O-glucuronide of jaceidin (17.56%),
as well as 1,5-dicaffeoylquinic acid and 3-caffeoylquinic acid (11.52%). Other significant
compounds include 6,8-di-C-glucoside of apigenin (7.64%) and apigenin (6.36%). These
findings are consistent with the results of this study, confirming the presence of apigenin in
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its glycosylated form as the predominant compound. Numerous studies have elucidated
the potential effect of apigenin in pharmacological and nutraceutical activities, highlight-
ing its significant antioxidant activity, which positions it as a possible therapeutic agent
in inflammatory processes related to various diseases, including several types of cancer,
autoimmune diseases, and neurodegenerative disorders [33]. According to Álvarez-Pérez
et al. [6], luteolin was identified as one of the main compounds in an aqueous extract,
although this is unusual, as the leaf composition typically does not reveal this compound.
This discrepancy is attributed to the time and method of extraction of phytocompounds.
Like apigenin, luteolin has demonstrated anti-inflammatory effects in both in vitro and
in vivo studies [45].

This study reinforces previous findings indicating that the largest proportion of phyto-
chemical compounds present in F. cernua are flavonoids, known to be natural antioxidants
with potent anticancer effects both in vitro and in vivo, making them ideal candidates for
applications in the nutraceutical or pharmaceutical fields [46].

4.4. Hemolytic Activity and Antihemolytic

According to the ASTM F756-17 (2025) standard Practice for Assessment of Hemolytic
Properties of Materials [48], a material is considered non-hemolytic when the hemolysis
percentage is below 2%, slightly hemolytic between 2% and 5%, and hemolytic when it
exceeds 5%. In this context, the hemolytic evaluation of Flourensia cernua revealed percent-
ages below 5%, suggesting adequate biocompatibility with erythrocyte cells. This behavior
is consistent with reports for various plant extracts exhibiting low cytotoxic potential and
protective effects on human erythrocytes [27,28]. The absence of significant hemolysis
indicates that the compounds present in the extracts do not affect the integrity of the lipid
bilayer, which is relevant considering that erythrocytes possess a high concentration of
polyunsaturated fatty acids susceptible to lipid peroxidation, and hemoglobin is a constant
source of reactive oxygen species [28].

Regarding the antihemolytic assay, F. cernua demonstrated a marked protective capac-
ity against damage induced by sodium carbonate and hydrogen peroxide, with both values
exceeding 80% and 100%, respectively.

This effect suggests that the phenolic metabolites of the extract may act as antioxidant
and membrane-stabilizing agents, neutralizing reactive species and preventing erythrocyte
rupture [49–51]. Previous studies have shown that flavonoids (Table 2), present in F. cernua
extracts, possess strong antihemolytic activity by inhibiting lipid peroxidation through
their free radical scavenging capacity [28,52,53].

The higher efficacy observed against hydrogen peroxide can be explained by the
direct relationship between oxidative stress and the generation of hydroxyl radicals, which
promote the abstraction of hydrogen atoms from membrane lipids and ultimately lead
to cell lysis. The inhibition of this process by F. cernua extracts suggests an antioxidant
action like that described in ethanolic or ethyl acetate extracts rich in polyphenols, where
radical elimination and reducing power follow a dose-dependent pattern [52]. Comparable
results have been reported for species of the genera Origanum, Lavandula, and Ocimum,
whose aqueous extracts exhibited protective effects of up to 270% against AAPH-induced
hemolysis, attributed to their high phenolic compound and condensed tannin contents [52].
Similarly, hydroalcoholic extracts of Rhamnus alaternus achieved nearly 100% inhibition
of hemolysis induced by AAPH-generated radicals, with the bark fraction being more
effective than the leaf fraction, demonstrating that solvent polarity and plant tissue type
significantly influence the recovery of bioactive compounds [27].

The behavior observed for F. cernua also aligns with studies on the essential oils of
Curcuma longa and Salvia officinalis, where a significant reduction in oxidative stress markers
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such as malondialdehyde, catalase, and glutathione was reported, along with decreased
extracellular hemoglobin and lactate dehydrogenase levels, evidencing a protective ef-
fect against induced hemolysis [28]. In this regard, the high antihemolytic activity of
Flourensia cernua extract may be attributed to the synergistic action of its phenolic com-
pounds, mainly flavonoids The effects are associated with the phenolic compounds listed
in Tables 1 and 2, which act as free radical scavengers, metal chelators, and modulators of
membrane permeability.

Overall, these results support that F. cernua is not only safe within the analyzed con-
centration range but also exhibits a remarkable cytoprotective potential against oxidative
damage in erythrocytes, consistent with its high antioxidant capacity demonstrated by
DPPH and ABTS assays. Further complementary studies are recommended to identify
specific active metabolites and to validate hemocompatibility effects in vivo.

5. Conclusions
The results of this study demonstrate that ultrasound-assisted extraction is the most

effective technology for recovering polyphenolic compounds from Flourensia cernua. Using
the Taguchi L18 design, the optimal conditions were identified as 40 ◦C, 20 min, and
50% ethanol concentration. Under these conditions, ultrasound extraction achieved the
highest total phenolic content, which correlated strongly with antioxidant activity, as
assessed by ABTS•+ and DPPH• assays. Compared to microwave-assisted extraction,
ultrasound extraction not only maximized the yield of bioactive compounds but also
preserved the antioxidant properties more effectively, highlighting its suitability as a green
and efficient method.

Furthermore, the in vitro hemolytic and antihemolytic assays confirmed the biocom-
patibility of F. cernua extracts and their significant protective effect against oxidative damage
in erythrocytes. These results indicate that the bioactive compounds obtained under op-
timal ultrasound conditions not only possess antioxidant potential but also contribute to
cytoprotective activity. Overall, ultrasound extraction represents a sustainable and reliable
alternative for obtaining functional compounds from Flourensia cernua for pharmaceutical,
nutraceutical, and biotechnological applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr13113725/s1, Table S1a. TPC (mg GAE/g extract) one way
ANOVA across Taguchi L 18 treatments. Table S1b. TPC main effects coefficients for solvent (%EtOH),
Temperature (◦C), and Time (min). Table S2a TFC (mg QE/g extract) one way ANOVA across Taguchi
L18. Table S2b TFC main effects coefficients for solvent (% EtOH), Temperature (◦C), and Time
(min). Table S3a. DPPH radical scavenging activity one way ANOVA across L18 Taguchi treatments.
Table S3b. DPPH main effects coefficients for solvent (% EtOH), Temperature (◦C), and Time (min).
Table S4a. ABTS radical cation scavenging activity one way ANOVA across 18 Taguchi. Table S4b.
ABTS main effects coefficients for Solvent (% EtOH), Temperature (◦C), and Time (min).
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