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Abstract

Fruits of Eugenia uniflora L. are rich in phenolic compounds and flavonoids, highlighting
their potential as a source of bioactive compounds for nutraceutical development; however,
extraction conditions can substantially influence the chemical composition and biological
activity of the resulting extracts. This study evaluated the effects of extraction technique
and solvent on the bioactive potential of E. uniflora fruit extracts. Powdered fruits were
extracted by maceration, infusion, infusion followed by ethanol precipitation, and high-
shear homogenization-assisted extraction (HSH) using water or 70% ethanol. Extracts were
evaluated for yield, antioxidant capacity (DPPH, ABTS®**, and FRAP), antimicrobial activity
against six species, and chemical composition by UHPLC-MS/MS. HSH with 70% ethanol
exhibited the highest DPPH (54.16 umol Trolox equivalents g’l) and FRAP (96.83 umol
Fe?* g~1) responses, whereas ethanolic maceration showed the highest ABTS®* scavenging
capacity (170.59 pumol Trolox equivalents g~ !). The ethanolic extracts showed greater
antibacterial activity, particularly against E. coli (MIC = 6.51 ug mL~!) and S. epidermidis
(MIC =15.63 ug mL~1). UHPLC-MS/MS revealed diverse metabolites, with citric acid,
quinic acid, and quercitrin showing prominent chromatographic peak areas, alongside
other flavonoids, phenolic compounds, and organic acids. Overall, HSH with 70% ethanol
provided the most balanced performance, supporting its potential as an efficient strategy
for obtaining E. uniflora extracts with nutraceutical potential.

Keywords: flavonoids; high-shear homogenization-assisted extraction; nutraceuticals;
pitanga
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1. Introduction

Natural products constitute important sources of bioactive molecules and chemical
scaffolds for the development of functional ingredients, nutraceuticals, and other value-
added products [1,2]. The interest in plant-derived substances is associated with the
search for raw materials that combine bioactive constituents and functional properties
with production processes that are more compatible with sustainability principles. In this
context, fruits rich in phenolic compounds, flavonoids, natural pigments, vitamins, and
other specialized metabolites are of particular relevance to the food and dietary supplement
industries [2].

Among native Brazilian species with functional potential, Eugenia uniflora L. (Myr-
taceae), commonly known as pitanga, stands out. Its fruits are consumed fresh and used
in the production of juices, jellies, pulps, and other derivatives. Pitanga exhibits a diverse
chemical composition, including phenolic compounds, flavonoids, tannins, anthocyanins,
carotenoids, vitamins, and organic acids, whose distribution may vary according to variety,
maturation stage, cultivation conditions, and the plant part evaluated [3—6]. This chemical
diversity has been associated with antioxidant, antimicrobial, and metabolic activities,
reinforcing the potential of this species as a source of value-added natural ingredients [3,6].

Despite the recognized potential of this species, a substantial proportion of studies on
E. uniflora has focused on its leaves, whereas its fruits remain comparatively underexplored
from technological and chemical perspectives [3,6,7]. As an edible matrix, the fruit is of
particular interest for the development of ingredients with nutraceutical potential. However,
such applications depend on obtaining reproducible extracts with characterized chemical
composition and demonstrable biological activity [2]. In this regard, the selection of the
extraction procedure represents a critical step, as differences in solvent polarity, temperature,
contact time, and mechanical disruption intensity may affect both overall extraction yield
and the selective recovery of bioactive metabolites [7].

Traditional methods, such as infusion and maceration, are widely employed for ob-
taining plant extracts because of their operational simplicity and low cost [2]. However,
these procedures may require prolonged contact times and provide less control over mass
transfer. Infusion followed by ethanol precipitation (EPInf), in turn, may remove proteins,
polysaccharides, and other higher-molecular-weight constituents, thereby modifying the
composition of the final extract. In contrast, techniques based on high-shear homoge-
nization, such as high-shear homogenization-assisted extraction (HSH), promote intense
physical disruption of the plant matrix through rotor-stator action, increasing the contact
area between the material and solvent and favoring the release of intracellular constituents
within shorter processing times [8-10].

In addition to the extraction technique, solvent selection plays a central role in extrac-
tion selectivity. Water exhibits high polarity and is compatible with food applications, mak-
ing it particularly suitable for the recovery of hydrophilic constituents. Ethanol, especially
when used in hydroethanolic mixtures, has intermediate polarity and can broaden the range
of solubilized compounds, including different classes of phenolics and flavonoids [2,7,10].
However, solvent efficiency cannot be considered independently, as it results from the
interaction among solvent properties, extraction technique, matrix structure, and the physic-
ochemical characteristics of the target compounds [7].

Regular consumption of antioxidant compounds has been associated with the miti-
gation of oxidative stress, which is linked to the development and progression of chronic
noncommunicable diseases, including cardiovascular, neurodegenerative, and metabolic
disorders, as well as inflammatory processes [6,11]. In this context, standardized plant
extracts have attracted increasing interest in the nutraceutical field because they may pro-
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vide more consistent concentrations of bioactive compounds, potentially supporting the
prevention of oxidative damage and promoting health [6].

However, the potential efficacy of such nutraceutical ingredients depends on the
preservation and recovery of antioxidant compounds during extract preparation. There-
fore, efficient extraction technologies are essential to maximize the recovery of bioactive
molecules while preserving their chemical stability and biological activity [8].

Although the bioactive potential of E. uniflora fruits has been previously described,
studies comparing traditional extraction procedures and HSH in an integrated manner
remain limited, particularly those simultaneously considering extraction yield, different an-
tioxidant mechanisms, antimicrobial activity, and chemical profile. Moreover, the selection
of a promising condition for nutraceutical applications requires consideration of the overall
response profile rather than a single performance parameter.

Therefore, this study aimed to evaluate the influence of different extraction procedures
on the yield, antioxidant capacity, antimicrobial activity, and chemical profile of E. uniflora
fruit extracts, with the objective of identifying the most promising condition for obtaining
an ingredient with nutraceutical potential.

2. Materials and Methods
2.1. Plant Material and Sample Preparation

Ripe fruits of Eugenia uniflora (red pitanga variety) were collected in September 2025
in the municipality of Umuarama, Paran, Brazil (23°46'09.1” S, 53°16/38.4"” W). A voucher
specimen was deposited in the Herbarium of Universidade Paranaense under registration
number 12. Access to the genetic heritage was registered in the Brazilian National System
for the Management of Genetic Heritage and Associated Traditional Knowledge (SisGen)
under protocol number A625A5A.

The ripe fruit pulps were manually separated from the seeds, frozen, and freeze-dried.
The lyophilized material was ground using a knife mill and subjected to particle size
analysis using a series of standard Tyler sieves. The fraction with a particle size of 0.53 mm
was selected and used for the extraction procedures.

2.2. Extraction Procedures

The extracts were prepared using distilled water or 70% ethanol (Dindmica, Indaiatuba,
Brazil) as extraction solvents. A 1:10 (w/v) ratio was maintained between the lyophilized
plant material and the extraction solvent. The use of 70% ethanol was selected based on
previous reports of its application for the extraction of bioactive constituents from E. uniflora
fruits [12].

After each extraction procedure, the samples were subjected to vacuum filtration.
Ethanol present in the hydroethanolic extracts was removed under reduced pressure using
a rotary evaporator (Nova Etica, Vargem Grande Paulista, Brazil) at 45 °C and —630 mmHg,
and all extracts were subsequently freeze-dried (JJ Cientifica, model L]J02, Sao Paulo, Brazil)
at —42 °C and 0.10 mbar, and stored at —20 °C until analysis. Each extraction procedure
was performed using three independent preparations.

2.2.1. Infusion

The infusion was prepared according to the procedure described by Pinc et al. [13]
for fruits of another species belonging to the family Myrtaceae. Briefly, distilled water
previously heated to 90 °C was added to the lyophilized plant material. The container was
immediately closed and left to stand for 6 h until the preparation reached room temperature.
The sample was then vacuum-filtered, and the resulting extract was freeze-dried.
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2.2.2. Infusion Followed by Ethanol Precipitation (EPInf)

Initially, the infusion was prepared as described in the previous section. After filtration,
99.5% ethanol (Dindmica, Indaiatuba, Brazil) was added at a 1:3 (v/v) infusion-to-ethanol
ratio. The mixture was left to stand for 48 h to promote the precipitation of proteins,
polysaccharides, and other higher-molecular-weight constituents. After this period, the
preparation was filtered again [13]. The recovered fraction was subjected to ethanol removal
under reduced pressure and subsequently freeze-dried.

2.2.3. Maceration

The plant material was placed in contact with 70% ethanol in a hermetically sealed
container, protected from light, and maintained at room temperature for seven days without
solvent renewal. After the extraction period, the samples were filtered and concentrated to
dryness. The maceration procedure was performed according to the method described by
Tominc et al. [14].

2.2.4. High-Shear Homogenization-Assisted Extraction

HSH was performed using a digital Ultra-Turrax® T25 disperser equipped with an 18G
dispersing element (IKA, Staufen, Germany). The plant material was separately extracted
with distilled water and 70% ethanol, maintaining a 1:10 (w/v) sample-to-solvent ratio.
Extractions were performed at 12,000 rpm for 10 min at 20 °C using a jacketed extraction
vessel connected to a thermostatic water bath set at 20 °C, which was used to maintain
the extraction temperature throughout the homogenization process. The HSH procedure
was based on a previously reported method by Teixeira et al. [15], with modifications and
adjustments established following preliminary tests conducted with pitanga fruit material.
Immediately after extraction, the samples were vacuum-filtered. The ethanolic extract
was subjected to solvent removal under reduced pressure, after which both extracts were
freeze-dried.

2.3. Extraction Yield

Extraction yield was determined gravimetrically based on the mass of the dry extract
obtained after freeze-drying and the initial mass of lyophilized plant material used for each
extraction. Results were expressed as the percentage of dry extract relative to the initial
mass of plant material on a dry-weight basis.

2.4. Antioxidant Capacity

The antioxidant capacity of the E. uniflora fruit extracts was evaluated using the
ferric reducing antioxidant power (FRAP), ABTS** (2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid)) radical-scavenging, and DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical-
scavenging assays. Extracts were dissolved at a concentration of 1000 ug mL~!, and each
extract was analyzed in three technical replicates.

For the FRAP assay, 90 uL of each extract solution was added to 270 pL of distilled
water and 2.7 mL of freshly prepared FRAP reagent (300 mM acetate buffer, 10 mM TPTZ
(purity > 98.0%; Sigma-Aldrich, St. Louis, MO, USA), and 20 mM FeCl; (purity > 97.0%;
Sigma-Aldrich, St. Louis, MO, USA)). The reaction mixture was incubated at 37 °C for
30 min, and the absorbance was measured at 595 nm using a UV-Vis spectrophotometer
(Kasuaki, Model IL-592, Sao Paulo, Brazil). Quantification was performed using a ferrous
sulfate (purity > 99.0%; Sigma-Aldrich, St. Louis, MO, USA) calibration curve ranging
from 100 to 2000 uM. The results were expressed as pmol Fe?* per gram of dry extract
(umol Fe?* g~ 1), according to Benzie and Strain [16].
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For the ABTS®** assay, 10 uL of each extract solution was added to 1.0 mL of ABTS**
(purity > 98.0%; Sigma-Aldrich, St. Louis, MO, USA) solution. After homogenization,
the mixtures were incubated for 6 min at 25 °C, and the absorbance was measured at
734 nm. Ethanol was used as the blank. Quantification was performed using a Trolox
(purity > 97.0%; Sigma-Aldrich, St. Louis, MO, USA) calibration curve ranging from 100 to
2000 puM. The results were expressed as umol Trolox equivalents per gram of dry extract
(umol TE g_l), according to Re et al. [17].

For the DPPH assay, 150 uL of each extract solution was mixed with 5.850 mL of an
ethanolic DPPH solution (0.06 mM; purity > 97.0%; Sigma-Aldrich, St. Louis, MO, USA).
The mixtures were incubated for 30 min at 25 °C, and the absorbance was measured at
515 nm. Ethanol was used as the blank. Quantification was performed using a Trolox
calibration curve ranging from 50 to 1000 uM. The results were expressed as umol Trolox
equivalents per gram of dry extract (utmol TE g~1), according to Brand-Williams et al. [18].

2.5. Antimicrobial Activity

The potential antimicrobial activity was evaluated against the strains Staphylococ-
cus aureus CCCD-5007, Staphylococcus epidermidis CCCD-S010, Escherichia coli CCCD-
E003, Pseudomonas aeruginosa CCCD-1004, Salmonella enterica subsp. enterica CCCD-
50016, and the yeast Candida albicans CCCD-CCO001, all obtained from Cefar Diagn()stica®
(Sao Paulo, Brazil).

The minimum inhibitory concentration (MIC) was determined using the broth microdi-
lution method in 96-well microplates, according to the recommendations of the Clinical
and Laboratory Standards Institute [19].

For bacterial assays, 100 pL of Brain Heart Infusion (BHI, Acumedia®, Lansing,
MI, USA) broth was added to each well, whereas 100 pL. of Sabouraud dextrose broth
(Acumedia®, Lansing, MI, USA) was used for C. albicans. Starting with the second column,
100 pL of the extract stock solution, prepared at a concentration of 1000 pg mL~!, was
added. Serial two-fold dilutions were subsequently performed through the 11th column,
resulting in final extract concentrations ranging from 0.976 to 500 g mL 1.

Microbial suspensions were previously standardized to 0.5 McFarland turbidity, cor-
responding to approximately 1.5 x 108 colony-forming units (CFU) mL~! for bacteria
and 1.5 x 10° CFU mL~! for the yeast. Subsequently, 5 uL of each microbial suspension,
corresponding to approximately 7.5 x 10° CFU for bacteria and 7.5 x 103 CFU for yeast,
were added to the corresponding wells.

The first column served as the growth control and contained the culture medium and
microbial inoculum without extract. A reference antimicrobial control was included using a
neomycin solution prepared at 1000 pg mL ™!, and its MIC was determined under the same
assay conditions. Vehicle controls containing the respective extraction solvent, without
extract, and extract blanks containing the corresponding extract and culture medium, but
without microbial inoculum, were included in the last row of the microplate to assess any
potential antimicrobial effect of the solvents and to account for possible interference from
the extracts, respectively. The 12th column served as the sterility control and contained the
culture medium without microbial inoculum.

The microplates containing bacterial cultures were incubated at 36 °C for 24 h. After
incubation, 20 pL of a 2% solution of 2,3,5-triphenyltetrazolium chloride (purity > 99.0%;
Exodo Cientifica, Sumaré, Brazil) was added to each well, followed by an additional 2 h
incubation. Development of a red coloration was considered indicative of metabolic activity
and bacterial growth, whereas the absence of coloration indicated growth inhibition.

The microplates containing C. albicans were incubated at 27 °C for 48 h. Yeast growth
was assessed visually based on the presence of turbidity in the wells. The MIC was defined
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as the lowest extract concentration, expressed in pg mL~!, capable of preventing visible
microbial growth. Each extract was analyzed in three technical replicates.

2.6. Chemical Profiling by UHPLC-MS/MS

Pitanga extracts were analyzed using a UHPLC-MS/MS system (Shimadzu Nexera
X2, Kyoto, Japan) coupled to a Q-TOF Impact II mass spectrometer (Bruker, Billerica,
MA, USA). Three independent extraction replicates were prepared for each extraction
procedure and pooled prior to UHPLC-MS/MS analysis to obtain a representative sample
for each treatment. Approximately 10 mg of each pooled sample was dissolved in 1 mL
of MeOH:H,O (7:3, v/v), vortexed for 5 min, centrifuged for 5 min, and filtered through
polytetrafluoroethylene (PTFE) filters (Millex, SLLGX13, 0.22 pm x 13 mm, Millipore,
Burlington, MA, USA). Each pooled extract was analyzed in triplicate. The injection
volume was 2 ul..

Chromatographic separation was performed using a CSH C18 column (Waters Cor-
poration, Milford, MA, USA; 1.7 pm, 2.1 x 100 mm) maintained at 40 °C. The mobile
phase consisted of ultrapure water containing 0.1% formic acid (phase A) and methanol
(phase B) for negative ionization mode, and ultrapure water containing 0.1% formic
acid (phase A) and methanol containing 0.1% formic acid (phase B) for positive ioniza-
tion mode. All solvents were LC-MS hypergrade (purity > 99.9%; Sulpeco, Darmstadt,
Germany). Separation was performed over 20 min using the following gradient:
0.1 min, 10% B; 0.1-7 min, 50% B; 7-12 min, 98% B; 12—-15 min, 98% B; 15-17 min, 10% B;
and 17-20 min, 10% B. The flow rate was maintained at 0.250 mL min~! throughout the
chromatographic run.

The Q-TOF Impact II mass spectrometer equipped with an electrospray ionization
(ESI) source was operated in automatic MS/MS acquisition mode. The acquisition rate was
5 Hz for both MS and MS/MS, with an m/z range of 120-1200. Mass spectra were acquired
in both positive and negative ionization modes, with the capillary voltage set to 3.50 kV,
source temperature maintained at 200 °C, and desolvation gas flow rate set to 9 L min 1.

Ion chromatograms and MS and MS/MS spectra were processed and visualized us-
ing Data Analysis 4.3 software (Bruker, Billerica, MA, USA). Metabolites were putatively
annotated by comparing their accurate masses and MS/MS fragmentation spectra with
those available in the MassBank of North America (MoNA) database and with data previ-
ously reported in the literature. Only signals with a mass error lower than 10 ppm were
considered for annotation. Because authentic standards were not analyzed, the annotated
metabolites were classified as level 2 (putatively annotated compounds) according to the
Metabolomics Standards Initiative (MSI) criteria proposed by Sumner et al. [20]. The rela-
tive abundance of the annotated metabolites was calculated from their chromatographic
peak areas and expressed as a percentage of the total chromatographic peak area, providing
a semi-quantitative comparison among the extracts.

2.7. Statistical Analysis

The extraction procedures and antioxidant and antimicrobial activity assays were
conducted using a completely randomized design. Each treatment consisted of three
independent preparations, and the results were expressed as mean =+ standard deviation.
The data were subjected to analysis of variance (ANOVA). When significant differences
were detected, means were compared and grouped using the Scott-Knott test at a 5%
significance level. Statistical analyses were performed using Statistica software, version
13.0 (StatSoft, Inc., Tulsa, OK, USA).
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3. Results

The aqueous extracts exhibited a light yellow to orange, opaque appearance and
a viscous, slightly sticky consistency. In contrast, the extracts obtained with 70%
ethanol showed an intense red coloration and a dry appearance. These differences in
visual characteristics were consistently observed among the extracts obtained with the
different solvents.

Extraction yields differed significantly among the procedures, ranging from 17.77% to
57.41%. HSH with 70% ethanol produced the highest extraction yield, although it did not
differ statistically from ethanolic maceration (Table 1). The lowest yield was obtained by
HSH with water, which differed significantly from all other treatments.

Table 1. Extraction yields of E. uniflora fruit extracts obtained using different extraction procedures.

Extractive Process Solvent Yield (%)
Infusion Water 50.07 +3.89 P
EPInf Water 36.84 £ 1.63 ¢
Maceration 70% ethanol 55.70 + 2.74 ab
HSH Water 17.77 £1.304
HSH 70% ethanol 5741 4+1.212

Note: EPInf—infusion followed by ethanol precipitation; HSH—high-shear homogenization-assisted
extraction. Data are presented as mean =+ standard deviation (SD) of three independent extractions.
Means followed by the same letter are not significantly different according to the Scott-Knott test
(p <0.05).

Antioxidant capacity varied significantly according to both the extraction procedure
and the analytical method employed (Table 2). HSH with 70% ethanol yielded the highest
antioxidant capacity in the FRAP and DPPH assays, whereas ethanolic maceration exhibited
the highest ABTS®** scavenging capacity. Overall, extracts prepared with water showed
lower antioxidant responses than those obtained with 70% ethanol.

Table 2. Antioxidant capacity of E. uniflora fruit extracts obtained using different extraction

procedures.
Extractive
Solvent FRAP ABTS*+ DPPH
Process
Infusion Water 83.57 + 0.00 P 125.22 + 8.02 P 3.96 + 5.00 b
EPInf Water 67.82 £8.21°¢ 104.42 £+ 0.00 € nd
Maceration 70% ethanol 84.40 +1.17° 170.59 + 8.02 @ nd
HSH Water 62.02 +2.34¢ 123.33 + 10.69 ° nd
HSH 70% ethanol 96.83 +0.002 119.55 + 16.04 b 54.16 +10.58 2

Note: EPInf—infusion followed by ethanol precipitation; HSH—high-shear homogenization-assisted
extraction; FRAP—ferric reducing antioxidant power, expressed as pumol Fe?* g_l dry extract; ABTS**
and DPPH—radical-scavenging capacity expressed as pmol Trolox equivalents (TE) g ! dry extract;
nd—no detectable DPPH activity. Different letters within the same column indicate statistically
significant differences according to the Scott-Knott test (p < 0.05).

The antimicrobial activity of E. uniflora fruit extracts varied according to both the
extraction procedure and the microorganism evaluated. Overall, lower MIC values were
observed for extracts obtained with 70% ethanol, particularly those prepared by HSH,
indicating greater inhibitory activity under the conditions tested (Table 3), especially
against E. coli, S. epidermidis, P. aeruginosa, and S. enterica subsp. enterica.

In contrast, HSH with water showed no inhibitory activity against any of the microor-
ganisms under the conditions evaluated. Likewise, none of the extracts exhibited activity
against the fungus C. albicans.
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The chemical profiling of E. uniflora fruit extracts allowed the annotation of 22 signals
in positive ionization mode (Table 4) and 24 signals in negative ionization mode (Table 5).
Different metabolite classes were identified, including organic acids, phenolic acids, free
and glycosylated flavonoids, fatty acids, and terpenoids.

The five extracts shared a common chemical profile, as the annotated signals were
detected across all extraction procedures. However, the chromatographic areas of individ-
ual metabolites varied among extracts, indicating descriptive differences in the relative
recovery of constituents according to the extraction conditions. Among the annotated
compounds, citric acid, quinic acid, and quercitrin were particularly prominent.

Direct comparison of the two HSH extracts showed that replacing water with 70%
ethanol was associated with greater chromatographic areas for several glycosylated
flavonoids, particularly myricetin and quercetin derivatives. In contrast, the aqueous
extract exhibited greater areas for some organic acids.
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Table 3. Minimum inhibitory concentrations of E. uniflora fruit extracts against the microorganisms evaluated.

Extractive S. aureus S. epidermidis E. coli P. aeruginosa C S. enterica
Process albicans
Infusion 125.00 £ 0.00 >500 62.50 4= 0.00 250.00 % 0.00 >500 >500
EPInf 250.00 4 0.00 250.00 4 0.00 194.44 4+ 59.43 250.00 % 0.00 >500 62.50 4= 0.00
Maceration 250.00 4 0.00 62.50 4= 0.00 31.25 4+ 0.00 250.00 % 0.00 >500 62.50 4= 0.00
HSH—water >500 >500 >500 >500 >500 >500
HSH—ethanol 125.00 £ 0.00 15.63 + 0.00 6.51 +£1.95 104.17 4 30.41 >500 31.25 4+ 0.00
Neomycin 6.50 x 1073 £ 0.00 2.28 x 1073 £ 0.00 1.30 x 103 4+ 0.00 1.56 x 10~2 4+ 0.00 >500 8.30 x 1072 £ 0.03

Note: EPInf—infusion followed by ethanol precipitation; HSH—high-shear homogenization-assisted extraction. The symbol > 500 indicates no inhibition at the
highest concentration tested. For C. albicans, neomycin did not exhibit inhibitory activity at concentrations up to 500 g mL~!; therefore, the absence of a specific
antifungal reference control should be considered when interpreting the antifungal results. Values are expressed as jtig mL ™! and presented as mean + standard
deviation of three independent preparations. The MIC corresponds to the lowest extract concentration capable of preventing visible microbial growth. Lower MIC
values indicate greater inhibitory activity.

Table 4. Identification of the constituents of E. uniflora extracts using ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS)

in positive mode.

Relative Abundance (%) *

Compound RT Molecular Theoretical Experimental
Formula mlz mlz ** Inf EPInf Mac HSH Water HSH Ethanol

Quinic acid 1.69 C7H1,04 193.0706 193.0694 30.53 21.40 12.87 20.22 16.31
Epigallocatechin 2.24 Ci15H1407 307.0812 307.0807 417 3.95 2.01 3.84 2.38
Citric acid 2.48 Ce¢HgO7 193.0342 193.0325 30.84 36.11 22.73 39.02 23.69
Chlorogenic acid 6.45 C16H1809 355.1023 355.1006 1.04 1.47 0.64 1.66 1.41
12-hydroxyjasmonic acid 7.35 C1oH1504 227.1277 227.1260 0.68 0.73 0.42 1.27 0.40
Myricetin O-pentoside 7.64 CyoH18012 451.0871 451.0847 0.05 0.08 0.63 0.04 0.83
Myricitrin (Isomer I) 7.72 Cy1H9012 465.1027 465.1001 0.12 0.18 0.99 0.12 1.32
Myricetin-3-Galactoside 8.09 Cr1Hy9O13 481.0976 481.0953 0.37 0.39 1.33 0.25 1.62
Loliolide 8.15 C11H1605 197.1170 197.1159 153 1.81 0.28 0.11 0.06
2"-O-Galloylhyperin 8.45 CogHp4016 617.1129 617.1098 0.73 0.85 1.91 0.80 2.07
Myricitrin (Isomer II) 8.71 Cy1Hy0012 465.1027 465.1012 1.36 1.38 2.94 0.61 3.19
Myricetin 8.71 C15H190g 319.0455 319.0439 1.74 1.83 4.17 0.81 4.67
Isoquercetin 9.02 Cr1Hy9012 465.1028 465.0999 5.64 6.49 10.49 5.21 10.86
Quercetin O-pentoside 9.45 CooH18011 435.0910 435.0908 4.21 4.78 9.89 3.53 10.49
Kaempferol-3-glucoside 9.58 C1Hp0011 449.1077 449.1043 0.49 0.73 1.03 0.63 1.07
Quercitrin 9.71 Cy1Hy9Oq1 449.1077 449.1051 9.94 10.41 12.09 10.16 12.40
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Table 4. Cont.
Compound RT Molecular Theoretical ~ Experimental Relative Abundance (%) *
Formula mlz mlz ** Inf EPInf Mac HSH Water ~ HSH Ethanol
Abscisic acid 10.04 C15Hp004 265.1434 265.1420 5.11 5.73 498 6.03 4.60
Quercitrin 2”7-O-Gallate 10.25 CogH»4015 601.1187 601.1141 0.07 0.06 0.51 0.15 0.58
Afzelin 10.35 Cu1Hp0019 433.1129 433.1088 0.55 0.56 8.10 0.60 0.82
Quercetin 10.57 Ci15H1007 303.0499 303.0487 0.16 0.18 0.58 1.31 0.47
Linolenic acid 13.40 C18H300, 279.2318 279.2293 0.29 0.30 1.02 277 0.46
Linoleic acid 14.66 Ci1sH3,0, 281.2475 281.2447 0.39 0.54 0.40 0.86 0.30
Flavonoids 29.59 31.89 56.67 28.05 52.76
Organic acids 61.37 57.51 35.60 59.25 40.00
Phenolic acids 1.04 1.47 0.64 1.66 1.41
Terpenoids 6.64 7.55 525 6.14 4.66
Fatty acids 1.36 1.58 1.84 4.90 1.16
Note: Inf—infusion; EPInf—infusion followed by ethanol precipitation; Mac—maceration; HSH—high-shear homogenization-assisted extraction; RT—retention
time (min). * Compound relative abundances were estimated based on the chromatographic peak areas and are presented as descriptive comparisons among the
extracts. ** Mass errors and MS/MS fragments are provided in the Supplementary Material (Table S1).
Table 5. Identification of the constituents of E. uniflora extracts using ultra-high-performance liquid chromatography—tandem mass spectrometry (UHPLC-MS/MS)
in negative mode.
C Molecular Theoretical Experimental Relative Abundance (%) *
ompound RT
Formula mlz mlz ** Inf EPInf Mac HSH Water ~ HSH Ethanol
Shikimic acid 1.59 C7H;00s5 173.0450 173.0452 0.39 0.35 0.33 0.28 0.32
Quinic acid 1.69 C7H1,04 191.0561 191.0560 27.58 22.04 20.50 18.70 19.43
Saccharic acid 1.84 CeH;00s 209.0302 209.0305 7.01 5.29 4.34 6.29 4.62
Succinic acid 2.20 C4HgOy4 117.0193 117.0193 2.84 2.84 3.07 2.70 2.74
Citric acid 2.54 CsHgOy 191.0193 191.0203 50.86 56.92 50.47 60.37 50.85
Gallic acid 2.70 C7HgOs 169.0140 169.0142 0.04 0.05 0.18 0.04 0.08
Caffeic acid hexoside 5.69 C15H1809 341.0871 341.0878 0.47 0.61 0.61 0.61 0.62
Chlorogenic acid 6.47 C16H1809 353.0867 353.0866 0.48 0.56 0.47 0.45 0.79
Myricetin O-pentoside (Isomer I) 7.66 CyoH18012 449.0714 449.0724 0.01 0.01 0.11 0.01 0.14
Myricitrin (Isomer I) 7.74 C1H012 463.0882 463.0876 0.03 0.05 0.37 0.03 0.45
Isorhamnetin 3-galactoside 7.99 C»npH»,019 477.1038 477.1026 0.12 0.14 0.40 0.12 0.35
Coumaric acid 8.01 CyHgO3 163.0400 163.0400 0.14 0.13 0.14 0.21 0.11
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Table 5. Cont.
C Molecular Theoretical ~ Experimental Relative Abundance (%)
ompound RT x
Formula mlz mlz Inf EPInf Mac HSH Water HSH Ethanol
Myricetin O-galactoside 8.11 C1Hy0013 479.0831 479.0828 0.05 0.05 0.47 0.01 0.53
Myricetin O-pentoside (Isomer II) 8.61 CyoH18012 449.0714 449.0723 0.05 0.05 0.43 0.01 0.45
Myricitrin (Isomer II) 8.73 Cy1H012 463.0882 463.0870 0.54 0.67 1.94 0.27 1.97
Rutin 8.97 Co7H30014 609.1461 609.1463 0.20 0.25 0.31 0.23 0.31
Isoquercitrin 9.01 Cy1HpO12 463.0882 463.0870 1.46 1.68 3.33 1.37 343
Quercetin O-pentoside 9.49 CooH18011 433.0765 433.0770 1.04 1.15 3.14 0.85 3.18
Kaempferol-3-glucoside 9.60 C1Hy9O011 447.0932 447.0929 0.12 0.13 0.21 0.11 0.20
Quercitrin 9.73 Cy1HO11 447.0932 447.0924 4.37 4.61 6.44 4.67 6.59
Abscisic acid 10.06 C15Hy004 263.1285 263.1289 1.96 2.10 2.09 2.13 2.16
Kaempferol

alpha-L-arabinopyranoside 10.11 CyoH15019 417.0827 417.0834 0.07 0.08 0.20 0.06 0.21
Afzelin 10.37 Cy1H019 431.0983 431.0983 0.16 0.18 0.34 0.20 0.36
Quercetin 10.59 C15H1007 301.0353 301.0356 0.02 0.02 0.11 0.27 0.11
Flavonoids 8.24 9.09 17.80 8.23 18.29
Organic acids 88.68 87.45 78.72 88.33 77.96
Phenolic acids 1.13 1.35 1.40 1.31 1.60
Terpenoids 1.96 2.10 2.09 2.13 2.16

Note: Inf—infusion; EPInf—infusion followed by ethanol precipitation; Mac—maceration; HSH—high-shear homogenization-assisted extraction; RT—retention
time (min). * Compound relative abundances were estimated based on the chromatographic peak areas and are presented as descriptive comparisons among the
extracts. ** Mass errors and MS/MS fragments are provided in the Supplementary Material (Table S1).
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4. Discussion

Extraction yield varied significantly among the evaluated procedures, demonstrating
that the overall recovery of constituents from E. uniflora fruits depends on the combined
influence of extraction technique and solvent. Among the evaluated treatments, HSH using
70% ethanol and ethanolic maceration produced the highest extraction yields. Although no
significant differences were observed between these procedures, they differ substantially
in terms of processing time and operational characteristics. While ethanolic maceration
required seven days of solvent-matrix contact, HSH achieved a comparable yield after
only 10 min, highlighting the potential of mechanically assisted extraction to intensify the
extraction process.

The high extraction efficiency achieved by HSH is likely associated with the intense
mechanical forces generated by the rotor—stator system. High shear promotes disruption
of plant tissues, particle size reduction, and enlargement of the contact surface between
the plant matrix and the extraction solvent, thereby reducing mass-transfer limitations
and facilitating the release of intracellular constituents. Similar mechanisms have been
associated with enhanced extraction efficiency in different plant matrices subjected to
HSH [8-10].

However, mechanical disruption alone was insufficient to ensure high extraction
efficiency. Under identical extraction conditions of processing time, temperature, ho-
mogenization speed and solid-to-solvent ratio, HSH performed with water produced an
extraction yield approximately 3.2-fold lower than that obtained using 70% ethanol. This
direct comparison demonstrates that solvent composition exerted a decisive influence on
extraction performance. Water preferentially solubilizes highly polar constituents, whereas
hydroethanolic mixtures broaden the polarity range of extracted compounds, enabling the
simultaneous recovery of hydrophilic constituents and metabolites of intermediate polarity,
including several phenolic compounds and flavonoids [2,7,10].

The superior performance of the hydroethanolic system may also be explained by
the complementary roles of water and ethanol during extraction. Water promotes hydra-
tion and swelling of plant tissues, facilitating solvent penetration into the cellular matrix,
whereas ethanol exhibits greater affinity for numerous phenolic metabolites. Consequently,
the 70% hydroethanolic mixture combines efficient tissue permeation with enhanced sol-
ubilization of released bioactive compounds [7,10]. Nevertheless, because the remaining
extraction procedures were not evaluated under a fully crossed experimental design regard-
ing extraction technique and solvent, the isolated effect of solvent should be interpreted
with greater confidence only when comparing the two HSH extracts.

The high extraction yield obtained by ethanolic maceration can likewise be attributed
to prolonged solvent-matrix contact. The seven-day extraction period probably favored
gradual diffusion of soluble constituents until concentration equilibrium was reached.
Nevertheless, achieving a yield comparable to that obtained by HSH required a processing
time approximately 1000-fold longer. Although the present study did not evaluate energy
consumption or process economics, this marked operational difference indicates a potential
technological advantage of HSH for applications requiring process intensification, shorter
extraction times and increased productivity [7].

The benefits of process intensification through HSH have also been reported for
other botanical matrices. Teixeira et al. [15] optimized HSH conditions for Malpighia
emarginata fruits and achieved efficient recovery of bioactive compounds after only 5 min
by adjusting the solid-to-solvent ratio, homogenization speed and temperature. Simi-
larly, Guerboub et al. [10] demonstrated that HSH conditions significantly influenced both
polyphenol recovery and antioxidant activity in olive pomace extracts. Together, these
studies reinforce that short-duration mechanical extraction techniques can achieve extrac-
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tion efficiencies comparable to those obtained by conventional long-term procedures, al-
though their effectiveness remains dependent on the characteristics of the plant matrix and
extraction conditions.

Among the aqueous procedures, infusion produced an intermediate extraction yield,
indicating that the combination of elevated initial temperature and prolonged contact
with water enabled the solubilization of a considerable fraction of E. uniflora constituents.
Heating generally enhances diffusion processes, reduces solvent viscosity and improves
solvent penetration into plant tissues [13]. In contrast, EPInf resulted in a lower extraction
yield. However, this reduction should not be interpreted solely as lower extraction effi-
ciency because the addition of 95% ethanol was intended to selectively precipitate proteins,
polysaccharides and other high-molecular-weight constituents.

Therefore, the lower gravimetric yield reflects not only reduced recovered mass but
also an intentional modification of extract composition, potentially increasing extract
selectivity. This observation illustrates that extraction yield alone does not necessarily
reflect extract quality or biological functionality [13]. Accordingly, extraction procedures
should be evaluated by integrating extraction yield with biological activities and chemical
composition rather than considering recovered mass as the sole criterion for selecting the
most suitable extraction method.

Comparison with previous studies involving E. uniflora fruits (Table 6) further sup-
ports the importance of simultaneously considering solvent composition and extraction
technology. Migues et al. [5] employed a methanol-water—formic acid mixture combined
with two prolonged ultrasound-assisted extraction steps, obtaining extracts rich in antho-
cyanins and derivatives of myricetin and quercetin. Although highly efficient for analytical
purposes, this procedure requires methanol and considerably longer processing times,
limiting its direct applicability to nutraceutical ingredient production.

Table 6. Comparison of the present study with previous studies on extraction procedures, chemical
composition, and biological activities of E. uniflora fruits.

Assessments and Relationship to the

Study Plant Material Extraction Procedure Main Findings Present Study
Extraction yield, Compares five
FRAF, ABTS™, extgaction
. ) DPPH, MIC, and
Ripe red-pulp Infusion; EPInf;  13p1p1 Mg /M., procedures,
. . maceration with 70% . integrating
pitanga fruits, . Ethanolic HSH .
Present study . ethanol; HSH with extraction
seedless, lyophilized N showed the best
water or 70% performance,
and powdered. overall performance; . . .
ethanol. : . biological activities,
maceration exhibited and chemical
the highest ABTS** o
profiling.
response.
HPLC-DAD-
) ) . ESI/MS", phenolic
Methanol:water:formic compounds, DPPH, Corroborates the

Migues et al. [5]

Purple-pulp fruits,
lyophilized and
collected from
different regions of
Uruguay.

acid (70:29:1);
vortexing, sonication
for 60 min, overnight

standing at 4 °C,
followed by a second
60 min sonication.

and ORAC. Two
anthocyanins and 13
flavonols were
reported, with
emphasis on
myricetin
derivatives.

chemical classes
observed in the
present study but
employs methanol
and a prolonged
analytical procedure.
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Table 6. Cont.
. . Assessments and Relationship to the
Study Plant Material Extraction Procedure Main Findings Present Study
Phenolic compounds, The closest
flavonoids, comparison
anthocyanins, regarding the
Sonication for 30 min ~ LC/PDA/MS/MS, hydroethanolic
Oliveira et al. [21] Whole red fruits, at 25 °C using and an in vivo study. solvent and
’ frozen. ethanol:water (70:30), The standardized mechanical
acidified to pH 1.0. extract exhibited processing, although
antioxidant and a different biological
metabolic effects in endpoint was
the evaluated model. investigated.
DPPH, FRAP, Shows that plar}t
part and maturation
Ethanolic extraction UPLC-MS, stage affect chemical
. . Fruit pulp and seeds : . UPLC-ESI-TOF-MS, & .
Rashmi and Negi ; of different fruit - composition and
at different . and anthelmintic Co
[22] parts and maturation bioactivity;

maturation stages.

activity. Sixteen

Gongalves et al. [6]

stages. . numerical data are
phenolic compounds ided f
were detected provided for context
' only.
Phenolic compounds,
flavonoids,
pu-QuEChERS using  anthocyanins, DPPH, Emplovs an
Ripe fruits of orange- acetonitrile:ethyl ABTS**, and POy

and purple-pulp
varieties, lyophilized
and powdered.

acetate (1:1),
acidified; vortexing,
5 min sonication, and
dSPE cleanup.

UHPLC-PDA. Gallic
acid, quercetin, and
other phenolic
compounds were
quantified according
to fruit variety.

analytical procedure

that does not directly

represent ingredient
production.

Rodrigues et al. [23]

Pitanga fruit pulp.

Preparation of a
phenolic extract from

Chemical
composition,
antioxidant activity,
antimicrobial activity,
and quorum-sensing

Corroborates the
antibacterial activity
of the phenolic
fraction, although
methods,

Bagetti et al. [4]

the pulp. inhibition. The concentrations, and
extract inhibited biological endpoints

bacteria and reduced differed from the

violacein production. present study.
Assessed
Fruit physicochemical

characterization and composition, Highlights the effects
Red-, orange-red-, phenolic compounds, of genotype and fruit

and purple-pulp
fruits.

preparation of
extracts for
antioxidant
evaluation.

anthocyanins, and
antioxidant activity;
the purple variety
showed the highest
values.

color, which limit
direct comparisons
among studies.

Note: EPInf—infusion followed by ethanol precipitation; HSH—high-shear homogenization-assisted
extraction. Comparisons are predominantly methodological, chemical, and qualitative. Quantitative
results should not be directly compared because of differences in fruit variety, plant part, maturation
stage, sample preparation, solvent, extraction procedure, analytical assay, and unit of expression.
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In contrast, Oliveira et al. [21] employed a 70:30 ethanol-water mixture associated
with 30 min of sonication and obtained anthocyanin-rich extracts exhibiting antioxidant
and metabolic effects in an animal model. These findings reinforce the suitability of
hydroethanolic solvents for recovering functional compounds from pitanga fruits. In the
present study, combining 70% ethanol with HSH reduced extraction time to only 10 min
while maintaining high extraction yield and producing extracts with both antioxidant and
antibacterial activities, supporting this approach as a rapid and efficient alternative for
obtaining bioactive extracts with potential nutraceutical applications.

The extraction procedure influenced the antioxidant capacity of E. uniflora fruit extracts,
although the magnitude of this effect depended on the analytical method employed. HSH
using 70% ethanol showed the highest antioxidant activity in the FRAP and DPPH assays,
whereas ethanolic maceration exhibited the highest activity in the ABTS®** assay. These
differences were expected because each assay is based on distinct reaction mechanisms and
therefore responds differently to the chemical composition of the extracts. While FRAP
measures the reducing capacity of the sample through electron transfer, DPPH and ABTS®**
estimate radical-scavenging activity under different reaction conditions [11]. Consequently,
discrepancies among the assays should not be interpreted as analytical inconsistencies but
rather as evidence that different extraction procedures favored the recovery of compounds
acting through distinct antioxidant mechanisms.

The superior performance of the HSH ethanolic extract in the FRAP assay suggests
that this extraction procedure favored the recovery of constituents with high reducing
power. Because the FRAP assay measures the ability of antioxidants to reduce ferric ions
(Fe®*) to ferrous ions (Fe?"), it is particularly sensitive to compounds capable of efficient
electron donation [11]. The combination of intense mechanical disruption and the broad
extraction capacity of the hydroethanolic solvent probably enhanced the release of these
compounds by reducing mass-transfer limitations and increasing solvent accessibility to
intracellular constituents [8-10].

A similar trend was observed in the DPPH assay, in which HSH using 70% ethanol
produced substantially higher radical-scavenging activity than all other extraction pro-
cedures. In contrast, the aqueous infusion showed comparatively low activity, whereas
EPInf, ethanolic maceration and aqueous HSH produced values below the quantification
limit. Importantly, these findings should not be interpreted as the absence of antioxidant
compounds in those extracts, as the same extracts exhibited measurable activity in the
FRAP and ABTS®** assays. Therefore, the DPPH results should be interpreted together
with complementary antioxidant methods, since the response of each assay depends on the
chemical characteristics and reactivity of the compounds present in the extracts [11].

Unlike the FRAP and DPPH assays, the ABTS®** assay identified ethanolic maceration
as the most effective extraction procedure, reaching 170.59 umol TE g~!. The markedly
different response of this extract between the DPPH and ABTS®** assays may be related
to differences in the reaction characteristics and antioxidant sensitivity of these methods.
ABTS** can react with a broad range of hydrophilic and lipophilic antioxidant compounds,
whereas DPPH may exhibit different reactivity depending on the chemical characteristics
and accessibility of the antioxidants present [11]. Thus, the absence of detectable DPPH
activity in the ethanolic maceration extract, despite its high ABTS®** activity, likely reflects
a differential response to the assay conditions rather than the absence of antioxidant
constituents. The higher ABTS®** response may also indicate that prolonged contact between
the plant matrix and the hydroethanolic solvent favored the recovery of constituents
particularly reactive toward this radical. These findings further reinforce that no single
antioxidant assay is sufficient to comprehensively characterize the antioxidant potential of
plant extracts.
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The precipitation step performed after aqueous infusion also influenced antioxidant
capacity. Compared with the original infusion, EPInf reduced both FRAP and ABTS®**
responses. Since this procedure was specifically designed to precipitate proteins, polysac-
charides and other high-molecular-weight constituents [13], the reduction in antioxidant
activity likely reflects the partial removal of compounds contributing to the overall re-
ducing capacity of the extract. Accordingly, the lower antioxidant response should not
be interpreted solely as reduced extraction efficiency but rather as a consequence of the
selective modification of extract composition.

Taken together, the antioxidant results demonstrate that extraction conditions affected
not only the amount of recovered material but also the functional characteristics of the
extracts. HSH using 70% ethanol produced the most consistent antioxidant profile, showing
superior performance in two of the three assays evaluated, whereas ethanolic maceration
preferentially recovered compounds exhibiting greater activity in the ABTS®** assay. These
findings indicate that there is no universally superior extraction procedure for all antioxi-
dant responses. Instead, the most appropriate extraction strategy depends on the intended
application and on the antioxidant mechanism considered most relevant.

The exploratory UHPLC-MS/MS analysis provides chemical support for the differ-
ences observed among the extraction procedures. Although the present study did not
include absolute quantification of individual metabolites, comparison of the chromato-
graphic peak areas allowed a descriptive evaluation of the relative abundance of com-
pounds detected in the extracts. Consequently, the chemical profile should be interpreted
as complementary evidence that helps explain the biological responses rather than as a
quantitative demonstration of compound concentration.

Among the evaluated extracts, HSH using 70% ethanol exhibited larger relative peak
areas for several flavonoids, including derivatives annotated as myricetin, quercetin, iso-
quercitrin, glycosylated kaempferol and afzelin (Tables 4 and 5). These metabolites have
been consistently reported in E. uniflora fruits [5,6] and are recognized for structural charac-
teristics that enable electron or hydrogen donation, particularly the presence of hydroxyl
groups associated with conjugated aromatic systems [11]. Although these structural fea-
tures provide a plausible explanation for the superior antioxidant performance of the
HSH ethanolic extract, the chromatographic data alone do not establish a direct causal
relationship between individual metabolites and the measured biological activities [24].

Likewise, the chemical profile of the ethanolic maceration extract may help explain
its superior performance in the ABTS®** assay. Compared with the remaining extraction
procedures, this extract exhibited relatively higher peak areas for compounds such as
isorhamnetin-3-galactoside, afzelin and succinic acid. Because ABTS®** is responsive to
antioxidants with a broad range of physicochemical properties [11], differences in the
composition of these extracts probably contributed to the distinct responses observed
among antioxidant assays. Therefore, variations in antioxidant activity are more likely
associated with differences in the overall phytochemical composition recovered by each
extraction procedure than with the abundance of a single metabolite [25].

Comparison with previous phytochemical studies further supports the identification
of compounds consistent with those previously reported in E. uniflora. Derivatives of
myricetin and quercetin have previously been described as major constituents of E. uniflora
fruits, while gallic acid, quercetin, kaempferol and related phenolic compounds have
also been reported in fruits of different color varieties [4-6,21,22]. Nevertheless, direct
comparison among studies should be performed with caution because metabolite profiles
are influenced by several factors, including genotype, fruit maturation stage, geographical
origin, sample preparation, extraction solvent and extraction technique. For this reason,
agreement regarding the classes of metabolites identified is more informative than direct
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comparison of chromatographic responses or antioxidant values obtained under different
experimental conditions [26,27].

The limitations of comparing chromatographic peak areas should also be recognized.
Since the analysis was performed without external analytical standards, peak areas do
not represent absolute concentration and cannot be used to quantify differences among
chemically distinct metabolites. Therefore, the present results should be interpreted as
descriptive evidence indicating that extraction conditions altered the relative chemical
composition of the extracts. Overall, the UHPLC-MS/MS analysis indicates that the
extraction procedure influenced not only extraction yield but also the phytochemical profile.
The predominance of flavonoids and other phenolic constituents in the HSH ethanolic
extract is chemically consistent with its superior antioxidant performance and provides a
plausible basis for the antibacterial activity discussed below. However, because the extracts
constitute complex mixtures, the observed biological effects should be interpreted as the
result of the combined action of multiple constituents rather than being attributed to any
single annotated compound [24].

In addition to affecting extraction yield and antioxidant capacity, extraction conditions
markedly influenced the antibacterial potential of E. uniflora fruit extracts. The direct
comparison between HSH performed with water and 70% ethanol clearly demonstrates the
decisive role of solvent selection. Under identical extraction conditions, including extraction
time, homogenization speed, temperature and solid-to-solvent ratio, the ethanolic extract
inhibited five of the six tested microorganisms, whereas the aqueous extract showed no
detectable activity at the highest concentration evaluated. This finding indicates that solvent
composition played a central role in determining the recovery of antibacterial constituents
from pitanga fruits.

The superior antibacterial activity observed for the HSH ethanolic extract is chemically
consistent with its phytochemical profile. UHPLC-MS/MS analysis revealed a greater
relative abundance of flavonoids and other phenolic compounds compared with the aque-
ous extract, suggesting that hydroethanolic extraction favored the recovery of metabolites
previously associated with antibacterial activity [2,28]. Nevertheless, because the present
study involved exploratory metabolite annotation and comparative analysis of chromato-
graphic peak areas, these observations should be interpreted as evidence of chemical
plausibility rather than proof of a direct relationship between individual compounds and
antimicrobial activity.

Among the annotated metabolites, flavonoids deserve particular attention because
they have been widely associated with antibacterial mechanisms. Studies employing
isolated quercetin provide support for this interpretation. Wang et al. [29] demonstrated
antibacterial activity of quercetin against both Gram-positive and Gram-negative bacteria
and reported structural alterations in E. coli and S. aureus. Similarly, Mu et al. [30] observed
that quercetin reduced extracellular polymeric substance production and inhibited biofilm
formation by S. epidermidis. Although these findings reinforce the biological relevance of
flavonoids, they cannot be directly extrapolated to the present extracts. The biological
activity observed here most likely results from the combined action of multiple constituents
acting through additive or synergistic mechanisms rather than from the effect of any single
annotated metabolite [31].

Accordingly, the principal contribution of the antimicrobial assays is not to identify
the active compound responsible for bacterial inhibition, but rather to demonstrate that
extraction conditions modulated the recovery of the antibacterial fraction present in E.
uniflora fruits. From this perspective, HSH using 70% ethanol proved to be the most
efficient procedure among those evaluated, producing an extract with consistently superior
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antibacterial activity while simultaneously exhibiting favorable antioxidant performance
and a phytochemical profile enriched in phenolic constituents.

No extract inhibited the growth of C. albicans under the experimental conditions
evaluated. This result agrees with previous observations reported for E. uniflora leaves, in
which antifungal activity against C. albicans was likewise not detected [31]. However, these
findings should not be interpreted as evidence that E. uniflora fruits are devoid of antifungal
potential. Differences in extraction solvent, fractionation strategy, extract concentration or
experimental methodology may influence antifungal activity. Therefore, within the scope of
the present study, the antimicrobial potential of pitanga fruit extracts should be considered
predominantly antibacterial.

From a nutraceutical perspective, antibacterial activity may represent an additional
functional property that complements the antioxidant potential of the extracts. Neverthe-
less, these findings should not be interpreted as supporting therapeutic claims. Before any
practical application can be proposed, further investigations will be required to evaluate
cytotoxicity, safety, stability, performance in food matrices or formulated products, and
possible effects on beneficial microorganisms [32]. Such studies will be essential to estab-
lish whether the antibacterial properties observed in vitro can be translated into safe and
effective applications.

From a technological and nutraceutical perspective, HSH using 70% ethanol emerged
as the most promising extraction strategy among the evaluated procedures, combining
high extraction yield, short processing time, antioxidant capacity, and antibacterial activity.
The use of an ethanol-water mixture is particularly relevant for nutraceutical applications
because ethanol is generally recognized as safe (GRAS) [13], supporting its suitability for the
development of food-oriented bioactive extracts. The exploratory UHPLC-MS/MS profile
further supports the nutraceutical potential of the selected extract, with citric acid, quinic
acid, and quercitrin showing prominent chromatographic peak areas among the annotated
compounds. Nevertheless, the transition from a promising extract to a standardized
nutraceutical ingredient requires further process optimization and scale-up, as well as
validated quantitative methods and appropriate chemical markers to ensure batch-to-
batch reproducibility.

Despite these promising findings, some limitations should be acknowledged before
considering the extract for nutraceutical development. Toxicological safety was not eval-
uated; therefore, the observed in vitro activities cannot be directly extrapolated to the
safety of the extracts for human consumption. In addition, organoleptic characteristics
and consumer acceptability were not assessed, and the stability of the major constituents
during storage was not investigated. Future studies should address these aspects, together
with bioaccessibility, bioavailability, and in vivo efficacy, to establish the safety, stability,
reproducibility, and biological effectiveness required for the further development of pitanga
fruit extracts as nutraceutical ingredients.

5. Conclusions

The extraction procedures significantly influenced the extraction yield, antioxidant
capacity, antibacterial activity, and chemical profile of E. uniflora fruit extracts. HSH
with 70% ethanol exhibited the most promising overall performance, combining a high
extraction yield obtained within only 10 min, greater reducing capacity in the FRAP assay,
the strongest response in the DPPH assay, and lower minimum inhibitory concentrations
against several bacterial species.

The exploratory UHPLC-MS/MS profiling revealed a diverse chemical composition,
with annotated signals corresponding to organic acids, phenolic acids, free and glycosylated
flavonoids, and other plant metabolites. Overall, these findings indicate that HSH with
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70% ethanol is a promising strategy for the rapid production of a pitanga fruit extract with
nutraceutical potential. However, further development will require chemical standardiza-
tion across batches, safety and stability assessments, evaluation of efficacy in biological
models, and process validation at larger scale.
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