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ABSTRACT

Fruits provide abundant vitamins, minerals, dietary fiber, and natural antioxidants. Falsa (Grewia asiatica), a lesser-known berry
fruit, is gaining attention owing to its diverse bioactive compounds and potential health-promoting properties. This study aimed
to evaluate the polyphenol content and antioxidant activity of processed products made from natural and organic Falsa. Natural
Falsa fruit leather had the highest total polyphenolic content (6.04 + 0.31 mg gallic acid equivalents [GAE] / g), followed by organic
Falsa fruit leather (3.67 + 0.13 mg GAE / g), with natural Falsa generally having a greater polyphenolic content. Antioxidant activ-
ity, assessed using 2,2’-diphenyl-1-picrylhydrazyl (DPPH), ferrous ion chelating activity (FICA), ferric reducing antioxidant power
(FRAP), 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and total antioxidant capacity assays, was strongest in
natural Falsa fruit leather. Liquid chromatography-electrospray ionization-quadrupole time-of-flight tandem mass spectrometry
(LC-ESI-QTOF-MS/MS) analysis enabled the tentative identification of 88 polyphenolic compounds across the analyzed samples.
These compounds were classified into major groups, including phenolic acids (32), flavonoids (36), lignans (6), stilbenes (2), and
other polyphenols (12). HPLC analysis demonstrated a greater concentration of epicatechin and p-hydroxybenzoic acid in natural
Falsa pulp compared to other Falsa products. In conclusion, our findings suggest that both fruit types (natural or organic) and the
processing method have a significant impact on the polyphenolic composition and antioxidant activity of Falsa-based products.

1| Introduction

Fruits form an integral part of a balanced diet, supplying vital
nutrients such as vitamins, minerals, and dietary fiber, along
with a rich source of natural antioxidants. The antioxidants
are especially important for reducing oxidative stress and pro-
moting health [1]. Berries are especially valued for their flavor,
color, and high polyphenolic content, which contributes to both
their nutritional and their putative health-promoting properties.
Their polyphenolic profile, including phenolic acids, flavonoids,
and anthocyanins, is influenced by genetic factors (species and

cultivar) and by environmental and technological variables such
as climate, harvest maturity, and postharvest handling and pro-
cessing conditions [2].

Falsa (Grewia asiatica L.) is a shrub or small tree that typically
grows up to 8m tall. Its bark is grayish-white to brown, and the
young shoots are covered with stellate hairs. The fruit is a small,
dark purple drupe, 5-12mm in diameter, with a hairy surface and
a fibrous, acidic mesocarp. The fruits have a characteristic sweet-
sour flavor and are consumed fresh or processed into beverages,
jams, and other food products [3]. In addition to its culinary uses,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

Copyright © 2026 X. Qin et al. Journal of Food Processing and Preservation published by John Wiley & Sons Ltd.

Journal of Food Processing and Preservation, 2026; 2026:5431308
https://doi.org/10.1155/jfpp/5431308

1of 24


https://doi.org/10.1155/jfpp/5431308
https://doi.org/10.1155/jfpp/5431308
mailto:
mailto:
https://orcid.org/0000-0002-2236-3481
mailto:
https://orcid.org/0000-0003-4216-9069
mailto:
mailto:
mailto:
https://orcid.org/0000-0003-4575-444X
mailto:
mailto:
mailto:
mailto:
https://orcid.org/0000-0002-8760-053X
mailto:
https://orcid.org/0000-0002-2450-0830
mailto:
mailto:hafiz.suleria@unimelb.edu.au
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

G. asiatica is valued in traditional medicine, where its pulp, leaves,
and bark are incorporated into various therapeutic formulations
and food preparations [3-5]. Despite its promising nutritional and
phytochemical profile, comparatively few studies have investi-
gated the polyphenolic composition and antioxidant capacity of
Falsa in processed products relative to the growing body of work
on fresh fruit and extracts. For example, Koley et al. [6] conducted
a comprehensive polyphenolic profiling of fresh Falsa fruits and
identified 50 compounds. However, their analysis focused only
on the fresh fruit matrices, without examining how processing
conditions affect the polyphenolic composition. More recently,
Saeed et al. [7] characterized the compositional changes during
fruit ripening across six developmental stages (from the initial
fruit setting stage to fully ripened fruit) and reported increases in
total phenolics, anthocyanins, and antioxidant capacity with pro-
gression in Falsa fruit development, yet their work did not address
formulation-based or processing-induced changes. Although
these reports have provided a detailed characterization of poly-
phenolic compounds in fresh and developing Falsa fruits, there
is limited information regarding how processing conditions alter
the polyphenolic profile and antioxidant capacity of Falsa-derived
products. This information is important as the perishability of
the fruit necessitates processing to extend shelf life, facilitating
distribution and supporting commercial utilization. Processing,
however, may result in changes in phenolic compounds, thereby
altering both their qualitative profile and functional antioxidant
properties. Therefore, the primary objective of this investigation
was to quantify the total polyphenolic content and to evaluate the
antioxidant activity (determined via established chemical assays)
in a range of processed Falsa products derived from both natu-
rally and organically cultivated sources. The specific product ma-
trices selected for analysis were fruit squash, nectar, drink, jam,
and leather, as these products embody the primary commercial
and domestically prepared forms of Falsa. Their inclusion reflects
both the cultural significance and economic relevance of these
products, owing to their widespread presence in local markets
and their frequent preparation in household settings. In addi-
tion, the study incorporated samples produced under both con-
ventional (natural) and organic cultivation systems, enabling a
direct comparison of production practices that may differentially
influence the phytochemical composition. This aspect is import-
ant to investigate, as variations in nutrient management strategies
and agrochemical inputs might affect polyphenolic content, an-
tioxidant capacity, and the overall phytochemical profile. Liquid
chromatography-electrospray ionization—quadrupole time-of-
flight tandem mass spectrometry (LC-ESI-QTOF-MS/MS) was
employed to tentatively identify the polyphenolic compounds,
and HPLC quantification was used to accurately quantify the
selected phenolic compounds. This approach aimed to enable di-
rect comparison between natural and organic Falsa products and
elucidate the influence of processing on polyphenolic classes and
antioxidant capacity.

2 | Materials and Methods
2.1 | Chemicals and Reagents
All standards and reagents were of analytical grade. Unless spec-

ified otherwise, they were obtained from Sigma-Aldrich (Castle
Hill, New South Wales, Australia), including Folin-Ciocalteu

phenol reagent, anhydrous sodium carbonate, sodium phos-
phate, gallic acid, sodium acetate, quercetin, aluminum chloride
hexahydrate, vanillin, catechin hydrate, potassium persulfate,
hydrochloric acid, iron(IIT) chloride (FeCl,), L-ascorbic acid,
2,2’-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azinobis-(3-eth-
ylbenzothiazoline-6-sulfonic acid) (ABTS), and 2,4,6-tripyr-
idyl-s-triazine (TPTZ). HPLC standards (epicatechin, gallic acid,
p-hydroxybenzoic acid, p-coumaric acid, and trans-ferulic acid)
were also sourced from Sigma-Aldrich. HPLC-grade and liquid
chromatography-mass spectrometry (LC-MS)-grade solvents
(acetonitrile, glacial acetic acid, ethanol, methanol, and formic
acid) were supplied by Thermo Fisher Scientific Inc. (Scoresby,
Victoria, Australia). Sulfuric acid (98%) was purchased from
RCI Labscan (Rongmuang, Thailand).

2.2 | Sample Preparation

A total of 12 processed Falsa products were analyzed, com-
prising two categories: organic and natural Falsa, with six
processing methods applied to each. Fresh Falsa fruits were
sourced from Ayub Agriculture Research Institute (Faisalabad,
Pakistan). Organic Falsa was sourced from orchards managed
without synthetic inputs, where growers applied only farmyard
manure and relied exclusively on canal irrigation, supplied ap-
proximately 6-7 times/year. No synthetic pesticides or chemical
fertilizers were used in these orchards; however, the fruit was
not formally certified under any organic certification scheme.
In contrast, natural Falsa was obtained from conventional or-
chards in which farmers routinely applied farmyard manure in
combination with diammonium phosphate and urea fertilizers,
with canal-water irrigation conducted 6-7 times annually. The
Falsa fruits were initially manually sorted to exclude underripe
or damaged specimens, then thoroughly washed with distilled
water and air-dried. The edible pulp was manually separated
from the seeds using a sanitized stainless-steel knife and imme-
diately stored at —18°C until subsequent processing. For dehy-
dration, the fruit pulp was frozen at —40°C and then freeze-dried
for 72h using a Benchtop freeze dryer (Model SDF-12, Bionics
Scientific Technologies, Van Nuys, California, United States).
The dry pulps were ground into a fine powder using a commer-
cial grinder and stored in airtight, aluminum foil-sealed bags
prior to transportation to the University of Melbourne for fur-
ther investigations. In addition to powdered pulp, several other
processed products, including fruit squash, fruit nectar, fruit
drink, fruit jam, and fruit leather, were also prepared from the
Falsa fruits, following the detailed procedures described in the
subsequent sections.

2.2.1 | Falsa Fruit Pulp Extraction

Fresh Falsa fruits (40kg) were weighed and mixed with 10L of
reverse osmosis (RO) water. The mixture was passed through
a fine pulper to obtain fruit pulp, which was then divided into
two portions. The first portion was preserved by adding potas-
sium metabisulfite (0.1%), sodium benzoate (0.1%), and citric
acid (0.5%), filled into sterilized cans, and then stored at ambient
temperature. The second portion, consisting of untreated, chem-
ical-free pulp, was stored at —18°C for subsequent analysis and
fruit leather preparation.
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2.2.2 | Falsa Fruit Squash Preparation

The squash was prepared using 50% fruit pulp and 50% RO
water. Sugar was added to adjust the sweetness to 45-48°Brix.
For sugar-free formulations, stevia was used at a rate of 3g to
replace 1kg of sugar as a natural sweetener. Citric acid and food-
grade color were then added and mixed thoroughly, followed
by the addition of potassium metabisulfite immediately before
filling. The product was bottled, labeled, and stored at ambient
temperature for subsequent analysis.

2.2.3 | Falsa Fruit Nectar Preparation

The nectar was formulated using 20% fruit pulp and 80% RO
water. Sugar was added to adjust the sweetness to 15°Brix. Citric
acid (0.2%) and carboxymethyl cellulose (0.15%) were weighed
and incorporated into the mixture to obtain a uniformly blended
pulp. The blend was transferred to a heating pan and heated
to 85°C. Once the desired temperature was achieved, the heat
source was turned off, and food-grade color (0.05%), sodium
citrate (0.1%), and sodium benzoate (0.1%) were incorporated
while maintaining constant stirring. The mixture was then fil-
tered through muslin cloth and hot-filled at 65°C into presteril-
ized PET bottles. Finally, the bottles were labeled and stored at
ambient temperature for subsequent analysis.

2.2.4 | Falsa Fruit Drink Preparation

The drink was formulated using 10% fruit pulp and 90% RO
water. Sugar was added to adjust the sweetness to 13°Brix. Citric
acid (0.3%) and carboxymethyl cellulose (0.15%) were accurately
weighed and incorporated into the mixture to obtain a uniformly
blended pulp. The blend was then transferred to a heating pan and
heated to 85°C. Upon reaching the target temperature, heating was
discontinued, and food-grade color (0.05%), sodium citrate (0.1%),
and sodium benzoate (0.1%) were added with continuous stirring.
The mixture was filtered through muslin cloth and hot-filled at
65°C into presterilized PET bottles. Finally, the bottles were labeled
and stored at ambient temperature for subsequent product analysis.

2.2.5 | Falsa Fruit Jam Preparation

Pectin was first dissolved in warm water to ensure complete
hydration. Fine Falsa pulp (1kg) was then combined with sor-
bitol (1kg) and cooked together with the pectin solution until
the mixture reached the desired gel-like consistency. After re-
moval from heat, stevia (3g/kg) was incorporated as a natural
sugar replacer. Citric acid (0.4%), food-grade color (0.05%), and
sodium benzoate (0.1%) were added immediately before filling.
The prepared jam was allowed to cool slightly, transferred into
presterilized glass jars, sealed, labeled, and stored at ambient
temperature until further analysis.

2.2.6 | Falsa Fruit Leather Preparation

Falsa fruit pulp, preserved at —18°C without added food chem-
icals (as described in the pulp extraction method), was used for

leather preparation. Pectin (0.5%) and stevia (0.025%) were incor-
porated, and the mixture was blended until a smooth consistency
was achieved. The blend was then poured into lightly oiled stain-
less-steel molds. The trays were placed in a dehydrator at 55°C
until the moisture content was reduced to approximately 15%. The
dried product was cut into rectangular pieces, rolled, packaged,
and stored at ambient temperature for subsequent analyses.

2.3 | Extract Preparation

Solid samples (5g) were placed in test tubes and mixed with
15mL of pure methanol, then subjected to shaking incubation at
120rpm and 10°C for 1 h. In the case of liquid or semiliquid sam-
ples, 5mL of the sample was blended with 2.5mL of pure meth-
anol in a test tube. All sample mixtures were then centrifuged
at 8000rpm for 15min at 4°C. The resulting supernatants were
transferred to clean test tubes and stored at —20°C until analysis.

2.4 | Polyphenolic Compounds
2.4.1 | Total Phenolic Content (TPC)

TPC was assessed using the procedure of Samsonowicz et al.
[8] with minor modifications. Aliquots of Falsa sample extracts
were dispensed into the wells of a 96-well microplate, followed
by the addition of 25uL of Folin-Ciocalteu reagent. Following
a 5-min incubation at 25°C, 200uL of distilled water and 25uL
of a 10% sodium carbonate solution were introduced into each
well. The plate was subsequently incubated at room temperature
for 1h. Absorbance was measured at 725nm using a microplate
reader (Thermo Scientific, Waltham, Massachusetts, United
States). Gallic acid standards ranging from 0 to 200 ug/mL (pre-
pared in ethanol) were used to construct the calibration curve.
The outcomes were reported as mg of gallic acid equivalents (mg
GAE)/g sample.

2.4.2 | Total Flavonoid Content (TFC)

TFC was determined using a colorimetric method [9] with slight
modifications. Falsa sample extracts were added to wells of a 96-
well microplate, followed by the addition of 2% aluminum chlo-
ride solution and 50g/L sodium acetate. The plate was incubated
at 25°C for 2.5h. After incubation, absorbance was measured at
440nm. A standard calibration curve was constructed using quer-
cetin at concentrations ranging from 0 to 50 ug/mL. Results were
reported as mg of quercetin equivalents (mg QE)/g sample.

2.4.3 | Total Condensed Tannin (TCT)

TCT content was determined according to the procedure of
Peng et al. [10] with slight modifications. Briefly, 25uL of Falsa
extract was mixed with 150uL of 4% (w/v) vanillin solution,
after which 25uL of 32% sulfuric acid was added. The reaction
mixture was incubated at room temperature for 15min, and ab-
sorbance was measured at 500nm. A catechin calibration curve
(0-1000 ug/mL in methanol) was prepared, and results were ex-
pressed as mg of catechin equivalents (mg CE)/g sample.
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2.4.4| DPPH

The DPPH radical scavenging capacity was determined following
the procedure described by Vella et al. [11]. A 0.1M DPPH solution
was prepared in analytical-grade methanol. In each well of a 96-
well microplate, 260uL of the DPPH solution was combined with
40uL of the sample extract. The plate was then kept in the dark at
25°C for 30min to facilitate the reaction. After incubation, absor-
bance was recorded at 517nm. A calibration curve was generated
with Trolox standards (0-50ug/mL), and results were expressed
either as mg of Trolox equivalents (mg TE)/g sample or as percent-
age radical scavenging activity.

2.4.5 | Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was conducted according to the procedure of
Sogi et al. (2013) with minor adjustments. Fresh FRAP reagent
was prepared by combining 300mM acetate buffer (pH 3.6),
10mM TPTZ solution (in 40mM HCI), and 20mM ferric chlo-
ride at a volume ratio of 10:1:1. In a 96-well microplate, 25uL of
Falsa extract was added to 280 L of the FRAP reagent. The mix-
ture was incubated at 37°C for 10 min to facilitate the reduction
reaction, after which absorbance was recorded at 593nm. A cal-
ibration curve was generated using Trolox standards (0-50 ug/
mL). Results were expressed as mg TE/g sample.

2.4.6 | ABTS

The ABTS assay was conducted following the method of Vella et al.
[11], with modifications. The ABTS* radical cation was generated
by mixing 1.25mL of 7mM ABTS solution with 22uL of 140mM
potassium persulfate, followed by incubation in the dark at room
temperature for 16h. For the assay, 290uL of the ABTS* solution
was added to 10uL of the sample extract in a 96-well microplate.
The mixture was allowed to react in the dark at 25°C for 6min.
Absorbance was then recorded at 734nm. A calibration curve was
generated with ascorbic acid standards (0-150ug/mL), and the re-
sults were expressed as mg AAE/g sample.

2.4.7 | Hydroxyl Radical Scavenging Activity (-OH-RSA)

-OH-RSA was determined following the method of Smirnoff
and Cumbes [12]. In a 96-well microplate, 50uL of Falsa extract
was combined sequentially with 50 uL of 6mM FeSO,-7H,0 and
50uL of 6mM H,O,. The mixture was incubated at 25°C for
10min, after which 50uL of 6mM 3-hydroxybenzoic acid was
added. Following a further 10-min incubation at 25°C, absor-
bance was measured at 510nm. A calibration curve prepared
with ascorbic acid standards (0-300ug/mL) was used, and re-
sults were expressed as mg AAE/g sample.

2.4.8 | Reducing Power Assay (RPA)

For RPA, 10 uL of Falsa sample extract was added to a 96-well mi-
croplate, followed by 25uL of phosphate buffer (prepared from
Na,HPO,-7H,0, NaH,PO,-H,0, and distilled water) and 25uL
of potassium ferricyanide. The mixture was incubated at 25°C

for 20min. After incubation, 25uL of trichloroacetic acid, 85uL
of distilled water, and 8.5uL of FeCl, were added. The plate was
then incubated for an additional 15min at 25°C. Absorbance
was measured at 750nm. Trolox standards (0-500ug/mL) were
used to generate the calibration curve, and the outcomes were
reported as mg of Trolox equivalents (mg TE)/g sample.

2.4.9 | Ferrous Ion Chelating Activity (FICA)

The FICA assay was conducted following a modified version of
the method by Dinis et al. [13]. In a 96-well microplate, 15uL
of Falsa extract was combined sequentially with 85uL of dis-
tilled water, 50uL of Buffer A (2mM FeCl, in water), and 50uL
of Buffer B (5mM ferrozine in water). The mixture was incu-
bated at 25°C for 10min, after which absorbance was recorded
at 562nm. A calibration curve was prepared using ethylenedi-
aminetetraacetic acid (EDTA) standards (0-50ug/mL). Results
were expressed as mg of EDTA equivalents (mg EE)/g sample.

2.4.10 | Total Antioxidant Capacity (TAC)

The TAC assay was undertaken according to the method of Du
et al. [14]. In a 96-well microplate, 40uL of Falsa extract was
mixed with 260uL of preprepared antioxidant reagent contain-
ing phosphomolybdenum dye. The reaction mixture was incu-
bated at 90°C for 90min, then cooled to room temperature for
10 min. Absorbance was recorded at 695nm. A calibration curve
was generated using Trolox standards (0-200ug/mL). Results
were expressed as mg TE/g sample.

2.5 | Characterization of Polyphenolic Compounds
Using LC-ESI-QTOF-MS/MS

The identification and characterization of polyphenolic com-
pounds in Falsa products were carried out using LC-ESI-
QTOF-MS/MS analysis, as described before [15]. Analyses
were performed on an Agilent 1200 Series HPLC system
coupled to an Agilent 6520 Accurate-Mass Q-TOF LC/MS
(Agilent Technologies, Santa Clara, California, United States).
Chromatographic separation was achieved on a Synergi
Hydro-RP 80A reversed-phase column (250 X 4.6 mm, 4um;
Phenomenex, Torrance, California, United States) maintained
at 25°C. Samples were filtered through 0.45-um PTFE syringe
filters (Kinesis Australia, Redland, Queensland, Australia)
prior to injection (5uL). The mobile phases consisted of (A) wa-
ter:acetic acid (98:2, v/v) and (B) acetonitrile:water:acetic acid
(50:49.5:0.5, v /v /v), both degassed ultrasonically (Powersonic
505, Hwashin Technology, South Korea) for 15min at 25°C.
A gradient was run at 0.8mL/min as follows: 10%-25% B
(0-25min), 25%-35% B (25-35min), 35%-40% B (35-45min),
40%-55% B (45-75min), 55%-80% B (75-79min), 80%-90% B
(79-82min), 90%-100% B (82-84min), and 100%-10% B (84—
87min), followed by an isocratic hold at 10% B (87-90min) for
reequilibration. Mass spectra were recorded in both positive
and negative electrospray ionization (ESI) modes over an m/z
range of 50-1300. The nebulizing gas (N,) was set at 45 psi with
adrying-gas flow of 5L/min at 300°C, while the sheath-gas flow
was 11L/min at 250°C. The capillary voltage was 3.5kV, the
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nozzle potential 500V, and the fragmentor voltage 135V. MS/
MS spectra were acquired automatically using stepped collision
energies of 10, 15, and 30€V to enhance structural confirma-
tion. The instrument was calibrated internally with reference
ions to maintain mass accuracy. Data acquisition and analysis
were performed using Agilent MassHunter Qualitative Software
B.03.01 (Agilent Technologies, Santa Clara, California, United
States).

2.6 | Quantification of Selected Polyphenolics
Using HPLC

The quantification of selected individual phenolic constituents in
Falsa samples was carried out on an Agilent 1200 Series HPLC
system (Agilent Technologies, Santa Clara, California, United
States) fitted with a photodiode array (PDA) detector. The chro-
matographic setup, including the column type and mobile phase
composition, matched that used for LC-ESI-QTOF-MS/MS anal-
ysis, except that the injection volume was increased to 20uL.
Identification and quantification were performed by comparing
retention times and spectral characteristics with those of authentic
external standards, using calibration curves for each compound.
Concentrations were reported as xg/g sample. Data processing was
conducted with Agilent MassHunter Qualitative Software B.03.01
(Agilent Technologies, Santa Clara, California, United States).

2.7 | Statistical Analysis

All experiments were conducted in triplicate, and results are
reported as mean + standard deviation (n = 3). Statistical dif-
ferences among samples were assessed using one-way anal-
ysis of variance (ANOVA), followed by Tukey’s post hoc test

at a significance level of p <0.05. ANOVA was performed
using Minitab Version 19.0 (Minitab LLC, State College,
Pennsylvania, United States). Pearson’s correlation analysis
between polyphenol content and antioxidant activity was con-
ducted using XLSTAT 2019 (Addinsoft Inc., New York, New
York, United States).

3 | Results and Discussion
3.1 | Polyphenolic Content (TPC, TFC, and TCT)

The polyphenolic profile of 12 processed Falsa products, derived
from both natural and organic sources, was evaluated using
TPC, TFC, and TCT assays. A significant variation in polyphe-
nolic content was observed across different product types and
processing methods (Table 1) and will be discussed in the fol-
lowing sections.

3.1.1| TPC

Among all samples, natural Falsa fruit leather exhibited the high-
est TPC (6.04 + 0.31 mg GAE / g), nearly double that of organic
Falsa fruit leather (3.67 + 0.13 mg GAE /g). Generally, most or-
ganic Falsa products showed a slightly higher TPC than their nat-
ural counterparts, except for fruit leather. This pattern partially
agrees with Faller and Fialho [16], who reported an elevation in
polyphenol concentration in organic fruits due to reduced agro-
chemical exposure and enhanced stress-induced metabolite pro-
duction. The greater TPC concentration in fruit leather is likely
attributable to the dehydration processing, which reduces mois-
ture content and concentrates phenolic compounds. In contrast,
dilution steps involved in nectar and beverage production may

TABLE1 | Polyphenolic content in different products of organic and natural Falsa fruit.

Samples Products TPC (mg GAE/g) TFC (mg QE/g) TCT (mgCE/g)
Organic Pulp 0.94 + 0.05° — 0.02 + 0.008
Squash 0.25 + 0.02FF — —
Drink 0.24 + 0.01FF — —
Nectar 0.89 + 0.05° — —
Jam 0.56 + 0.05P — —
Fruit leather 3.67+0.138 0.03 + 0.008 —
Natural Pulp 0.46 + 0.03EF 0.01 + 0.00° 0.07 + 0.012
Squash 0.19 + 0.015F — —
Drink 0.31 + 0.02PF — —
Nectar 0.34 + 0.02PF — —
Jam 0.06 + 0.01F — —
Fruit leather 6.04 + 0.314 0.09 + 0.01* 0.07 + 0.02

Note: Data are presented as mean values with their corresponding standard deviation (n = 3). Different superscript letters (A-F) within the same row denote
statistically significant differences (p < 0.05), as determined by one-way ANOVA followed by Tukey’s post hoc test.
Abbreviations: CE, catechin equivalents; GAE, gallic acid equivalents; QE, quercetin equivalents; TCT, total condensed tannin; TFC, total flavonoid content; TPC,

total phenolic content.
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contribute to the lower phenolic values observed in those cate-
gories. This effect has been similarly documented by Shende and
Datta [17], who demonstrated that drying conditions significantly
influence phenolic retention in fruit by-products such as mango
peels. High temperatures may enhance the release of bound phe-
nolics through cellular breakdown, resulting in higher extractable
phenolic content. Conversely, Carcea et al. [18] reported that ther-
mal treatments involving water absorption can dilute bioactive
compounds during cooking, potentially explaining the lower TPC
in liquid-based products.

Compared with previously reported values for fresh Falsa 7], the
processed products had a generally lower TPC, likely because of
thermal degradation, oxidation, and polymerization of phenolics
during processing and storage. Previous investigations [19, 20]
have further emphasized the impact of temperature, storage du-
ration, and matrix interactions on the loss of phenolics. Overall,
these data suggest that the processing method is a critical de-
terminant of phenolic retention, with drying-based techniques
(such as fruit leather preparation) offering a greater potential for
preservation or concentration of bioactive compounds in Falsa-
derived products.

It is important to acknowledge that the use of pure methanol
as a solvent during the extraction process represents a method-
ological limitation. Absolute methanol alone may not provide
the optimal polarity or chemical environment offered by acid-
ified or aqueous solvent systems, which makes it less efficient
for the complete recovery of the polyphenolic pool. For exam-
ple, Sultana et al. [21], in a study comparing absolute methanol
with aqueous methanol (methanol:water, 80:20, v /v) for the ex-
traction of medicinal plants, reported that the aqueous organic
solvent was more effective than absolute organic solvents, as
demonstrated by yielding higher extract recoveries, greater phe-
nolic contents, and stronger antioxidant activity of the plant ma-
terial. This poor efficiency is particularly pronounced for highly
polar compounds, such as glycosylated flavonoids and anthocy-
anins, whose complete recovery and stability may necessitate
the presence of water and a low pH [22]. Comparative extraction
studies have demonstrated that the choice of solvent system, as
well as the incorporation of physical assistance methods (e.g.,
ultrasonic- or microwave-assisted extraction) or alternative ap-
proaches such as accelerated solvent extraction and supercritical
fluid extraction, can substantially enhance the recovery of the
TPC pool [23-26]. This aspect necessitates further investigation.
Another limitation is that only pulp-based samples were evalu-
ated in this experiment, even though the peel, seeds, and leaves
may contain greater TPC levels. For example, Lasota et al. [27]
reported a substantially greater TPC in the peel compared to the
pulp of various fruits. Future research should therefore broaden
the sampling matrix to include extracts from the peel, seeds,
and potentially the whole fruit to provide a more comprehensive
polyphenolic profile of Falsa and its by-products.

3.1.2 | TFC

Flavonoids, a prominent subgroup of polyphenols, are recog-
nized for their antioxidant activity, anti-inflammatory effects,
and potential roles in cancer prevention. Therefore, determin-
ing TFC is essential for assessing the pharmacological potential

of Falsa-based functional products. In this study, however, TFC
levels were undetectable in most of the 12 processed samples,
with the exception of fruit leather, where natural Falsa fruit
leather recorded the highest TFC (0.09mg QE/g), followed by
organic Falsa fruit leather (0.03mg QE/g).

The generally low TFC is likely due to thermal degradation during
processing. Razzak et al. [28] reported substantial loss of flavo-
noids (4.27%-82.3%) in heat-treated vegetables. Further, prolonged
storage duration may have contributed to flavonoid degradation,
as previously noted by Nadeem et al. [29], who observed a decline
in both TFC and TPC over time. Furthermore, it is important to
acknowledge the limitations inherent to the aluminum chloride
colorimetric assay, which likely have contributed to an underes-
timation of flavonoids. As demonstrated by Pekal and Pyrzynska
[30], the response of aluminum-based assays for TFC quantifica-
tion depends on flavonoid structure, and glycosylation may influ-
ence complexation behavior and measured absorbance. Shraim
et al. [31] corroborated these limitations and reported large inac-
curacies and subclass-dependent biases in quantification. Finally,
as discussed for TPC results, the use of absolute methanol as an
extraction solvent may have resulted in incomplete recovery of
highly polar glycosides that could have been better extracted in
acidified or aqueous organic mixtures.

3.1.3 I TCT

Similarly, TCT concentration was generally low, with only a
few samples yielding measurable values. Among these, TCT
concentration was the greatest in natural Falsa pulp and nat-
ural fruit leather (0.07mgCE/g), while organic Falsa pulp had
a lower value (0.02mgCE/g). Generally, the relatively low tan-
nin content could likely be explained by the use of ripe Falsa
fruits in this study, as tannins are known to decrease as ripen-
ing progresses in fruits [32, 33]. As ripening proceeds, tannins
shift from soluble, readily extractable oligomers to more polym-
erized, less extractable complexes, resulting in an apparent re-
duction in TCT. This polymerization process is also known as
a reason for the decreasing perceived astringency, as it reduces
the capacity to form protein-tannin complexes [32]. Further, the
variability observed in TCT measurements may reflect method-
ological factors, including solvent choice, reagent concentration,
and incubation conditions, which are known to influence the
quantification of condensed tannins in plant matrices (e.g., van-
illin and butanol-HCI assays).

The limited recovery of phenolics and tannins during ex-
traction may result from the formation of nonextractable or
bound polymeric forms during processing, which are not
likely captured by conventional solvent extraction or colori-
metric assays. A substantial portion of phenolic acids and re-
lated compounds may occur bound to cell-wall matrices and
require alkaline, acid, or enzymatic hydrolysis for maximal
release [34]. Thermal processing may further alter the pheno-
lic composition through isomerization and epimerization re-
actions, potentially changing their extractability. To improve
quantification, future analyses should combine optimized
solvent systems with advanced spectroscopic methods. For
example, nuclear magnetic resonance spectroscopy can po-
tentially provide a complementary, nondestructive means to
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profile polyphenolic compounds, including polymeric tannins
at the mixture level (solution and solid states) [35].

To accurately assess the health benefits, the results from
chemical quantification of polyphenols must be reconciled
with their bioavailability and metabolic fate in vivo, as the ac-
tual biological effect is dependent on how these compounds
are absorbed, metabolized, and distributed to target tissues
[36]. Flavonoid glycosides, which are common in fruits, must
often be hydrolyzed by gut microbiota before absorption.
Similarly, tannins, particularly high-molecular-weight proan-
thocyanidins, are often poorly absorbed in the small intestine
but undergo extensive metabolism by the colonic microflora,
yielding low-molecular-weight phenolic acids ([37, 38]).
Therefore, the functional relevance of the TFC/TCT values
must be viewed in light of these complex metabolic pathways,
which produce the circulating, biologically active forms.

3.2 | Antioxidant Activities of Processed Falsa
Products

Antioxidant activity is a key indicator of food quality, nutritional
value, and shelf stability, as it reflects a product’s capacity to
scavenge reactive species and mitigate oxidative degradation of
lipids, pigments, and vitamins [39, 40]. To assess the antioxidant
potential of the processed Falsa products, multiple chemical as-
says were employed to capture different underlying antioxidant
mechanisms (Table 2). These included free radical scavenging

assays (DPPH, ABTS, FICA, -OH-RSA) and redox-based assays
(FRAP, RPA, and TAC), providing comprehensive coverage of
both radical quenching and electron-donating activities.

The DPPH assay, known for its simplicity and reproducibil-
ity, revealed a higher antioxidant activity in fruit leather,
with values of 9.09 + 0.52mg TE / g for the natural sample and
7.07 +0.15mgTE /g for the organic variant, while all other
products remained below 1mg TE/g. This elevated activity
likely reflects phenolic concentration during dehydration.
However, the deep purple pigments in Falsa may interfere
with DPPH absorbance and lead to an underestimation [41].
This overlap highlights a general limitation of colorimetric
radical assays, which cannot fully distinguish radical quench-
ing from background pigment absorbance. Therefore, results
from DPPH should be interpreted with caution alongside com-
plementary assays.

To address this limitation, the ABTS assay was used, as it
accommodates both hydrophilic and lipophilic antioxidants
and is less prone to interference from sample pigmentation
[41]. Results mirrored the DPPH assay, with fruit leather
again showing the highest radical scavenging activity, while
all other samples remained below 1 mg TE/g. The agreement
between the ABTS and DPPH results may suggest that Falsa
phenolics include a mix of hydrophobic and hydrophilic com-
pounds. The generally lower ABTS values compared to DPPH
likely suggest a predominance of hydrophobic antioxidant
molecules in the Falsa matrix.

TABLE 2 | Antioxidant activities in different products of organic and natural Falsa fruit.

Antioxidant assays

DPPH FRAP ABTS RPA -OH-RSA FICA TAC

Falsa products (mg TE/g) (mgTE/g) (mgAAE/g) (@mgTE/g) (mgAAE/g) (mgEDTA/g) (mgTE/g)

Organic  Pulp 0.39+£0.00°  0.41+0.01* 0.39+0.02° 0.46+0.02°F 0.15+0.00°®  0.16 + 0.01°P —
Squash  0.49 +0.02°°  0.75+0.07* 0.48+0.00° 0.40 +0.02EF  0.16 +0.004  0.20 + 0.01€ —
Drink 0.12+0.00°  0.08+0.004 0.11+0.01° 0.39 +0.005F 0.15+ 0.00AB 0.09 + 0.00P —
Nectar 0.21+0.00°  0.39+0.02* 0.19+0.00° 0.09+0.01" 0.16+0.00"®2  0.13+0.01P —
Jam 0.30+£0.02°  0.23+0.02* 0.13+0.01° 0.30+0.00° 0.15+0.00® 0.15+0.01°P —
Fruit 7.07£0158  1.63+0.03* 558+0.11* 0.38+0.02F 0.10+0.01¢  1.38+0.10* 122+0.11%
leather

Natural  Pulp 0.91+0.03° 0.82+0.03* 0.75+0.048 0.56+0.03° 0.16+0.00"  0.22+ 0.00° —
Squash  0.48 +0.01°® 0.88+0.00 0.37+0.03° 1.06+0.06* 0.15+ 0.00*B  0.13 + 0.01°D —
Drink 0.17+0.01°  0.11+0.01* 0.14+0.02° 0.03+0.00" 0.15+0.00*B  0.22 +0.00° —
Nectar 0.23+0.02°  0.13+0.01* 0.16+0.01° 0.06 +0.00%  0.15+ 0.00® 0.15 + 0.00¢P —
Jam 0.33+0.01°  0.40+0.02* 0.14+0.01° 0.52+0.02°P 0.15+0.00B  0.13 + 0.00°P —
Fruit 9.09 +0.52*  2.94+0.004 5.50+0.03* 0.83+0.03% 0.03+0.01° 0.88 +£0.30°  3.19+0.12%
leather

Note: Values are presented as mean =+ standard deviation (n = 3). Different superscript letters (A-F) within the same row indicate statistically significant differences at
p < 0.05, as determined by one-way ANOVA followed by Tukey’s post hoc test.
Abbreviations: OH-RSA, hydroxyl radical scavenging activity; AAE, ascorbic acid equivalents; ABTS, 2,2’ -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid); DPPH,

2,2’ -diphenyl-1-picrylhydrazyl; EDTA, ethylenediaminetetraacetic acid; FICA, ferrous ion chelating activity; FRAP, ferric reducing antioxidant power; RPA, reducing
power assay; TAC, total antioxidant capacity; TE, Trolox equivalents.
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The -OH-RSA assay showed relatively consistent activity across
samples (approximately 0.15mg AAE/g), with the exception
of the natural fruit leather, which exhibited the lowest value
(0.03mg AAE/g). This is an unexpected outcome, as flavo-
noids are potent hydroxyl radical scavengers [42], and the fruit
leather contained higher detectable TFC than the other sam-
ples, in which TFC was undetectable. This discrepancy between
TFC and -OH-RSA performance likely indicates that hydroxyl
radical quenching in Falsa products may not depend on TFC
abundance but rather on the presence of specific structural sub-
classes or interactions with other matrix components formed
during processing.

The FICA assay, which assesses metal chelation by inhibiting
the formation of ferrous complexes, showed a markedly higher
activity in organic Falsa fruit leather (1.38mg EDTA/g) com-
pared to other products (ranging from 0.09 to 0.22mg EDTA/g).
Transition metals are known to trigger lipid oxidation and de-
crease the storage stability and quality of foods, and metal chela-
tion is an important pathway for limiting metal-catalyzed lipid
peroxidation [43]. This high activity may highlight the potential
functionality of Falsa fruit leather components, whether when
consumed, released during processing, or incorporated as nat-
ural antioxidant ingredients, to support oxidative stability in
lipid-containing systems. However, their contribution to oxida-
tive stability needs to be demonstrated within real or model lipid
systems.

The FRAP assay, based on the reduction of ferric to ferrous
ions, demonstrated a broader range of reducing power, from
0.08 to 1.63mg TE/g. Organic Falsa fruit leather displayed the
highest FRAP value, while organic Falsa drink had the low-
est. Although FeSO, is often used as a standard in FRAP as-
says, Stratil et al. [44] recommended Trolox for standardization
across multiple antioxidant assays, suggesting that variations
in standard selection may influence comparability. A limita-
tion of the FRAP assay, however, is that this assay requires
a highly acidic, nonphysiological pH (around 3.6) for perfor-
mance, which significantly restricts its relevance for simulat-
ing antioxidant activity under in vivo human physiological
conditions. The low-pH environment limits the dissociation of
phenolic compounds and makes them less reactive to oxida-
tion by the reagent. This low pH also slows the reaction kinet-
ics, preventing complete oxidation of certain compounds such
as thiols and hydroxycinnamic acids. In addition, the FRAP
assay has exhibited greater sensitivity to hydrophilic than to
hydrophobic antioxidants, potentially underestimating TAC in
complex matrices [45].

RPA showed activities between 0.03 and 1.06 mg TE/g, with
natural Falsa squash displaying the highest value. Finally, the
TAC assay, which integrates overall electron transfer poten-
tial, yielded measurable responses only for fruit leather sam-
ples, consistent with their high phenolic concentration and
redox density.

The variability in antioxidant results across assays may high-
light the multifaceted nature of antioxidant mechanisms (e.g.,
electron transfer, hydrogen atom transfer, and metal che-
lation) [46]. Differences in sample ranking likely arise from
both compositional diversity and interactions within the Falsa

matrix. Sugars, organic acids, and minor phenolics can influ-
ence antioxidant outcomes through synergistic or antagonistic
effects [47]. For example, the combined action of different phe-
nolics can lead to activity greater than the sum of their indi-
vidual activities (synergism). To pinpoint the phenolic classes
responsible for these activities, future studies should apply
chromatographic fractionation or purified standards in activ-
ity-guided assays to link compound subclasses (e.g., anthocy-
anins vs. flavones) to specific antioxidant mechanisms. These
targeted analyses would clarify whether the strong FICA re-
sults arise from particular flavonoid glycosides or whether the
radical scavenging (DPPH/ABTS) is mainly driven by querce-
tin derivatives.

Overall, Falsa fruit leather consistently demonstrated the high-
est antioxidant potential across all assay types, particularly in
the natural variant. This superior performance is likely due
to phenolic concentration through dehydration, which mini-
mizes dilution and preserves antioxidant integrity. Integrating
data from multiple assays offers a more accurate reflection of
TAC. Despite their speed and simplicity, chemical antioxidant
assays use reactions that differ significantly from those in the
body, and thus, the observed in vitro activity could not be a
reliable indicator of actual in vivo efficacy [36]. Polyphenols
are known to be effective antioxidants but are susceptible to
instability in the gastrointestinal environment and undergo
extensive microbial biotransformation, producing metabolites
with altered or reduced antioxidant potential. In addition, lim-
ited intestinal absorption further restricts the fraction that be-
comes biologically active [36]. To determine the physiological
relevance, future research should incorporate cell-based oxida-
tive stress models or in vivo animal studies assessing biomark-
ers of oxidative protection. The specific phenolic compounds
identified through LC-MS/MS profiling will be discussed in
the following section.

3.3 | Correlation Analysis of Phenolic Compounds
With Antioxidant Assays

The relationship between polyphenol content and antioxidant
activity in the 12 processed Falsa products was evaluated using
Pearson’s correlation analysis (Table 3). A strong positive correla-
tion was observed between TPC and TFC (r = 0.958, p < 0.01),
suggesting that flavonoids are the predominant class of polyphe-
nolic compounds in these samples. This finding agrees with pre-
vious reports indicating that Falsa fruits are rich in flavonoids
[6]. TPC also showed a significant positive correlation with TAC
(r =0.979, p < 0.01), as well as with both the DPPH (r = 0.977,
p <0.01) and ABTS (r=0.945, p <0.01) radical scavenging
assays. These strong associations indicate that phenolic com-
pounds, particularly flavonoids, play a central role in the free
radical scavenging activity and overall antioxidant potential of
processed Falsa products.

In addition, TFC demonstrated positive correlations with mul-
tiple antioxidant assays, including DPPH, FRAP, ABTS, FICA,
and TAC, further supporting the hypothesis that flavonoids
are key contributors to antioxidant function. Conversely, TCT
was not significantly correlated with any of the antioxidant as-
says. This may be attributed to the generally low tannin levels
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TABLE 3 | Pearson’s correlation coefficients (r) between antioxidant assays and polyphenolic content in Falsa fruit products.

Variables TPC TFC TCT DPPH FRAP ABTS -OH-RSA RPA FICA
TFC 0.958*

TCT —0.033 0.192

DPPH 0.977* 0.931* —0.153

FRAP 0.927* 0.954* 0.093 0.937*

ABTS 0.945* 0.869* -0.273 0.988* 0.899*

OH-RSA —0.970* —0.968* —0.034 —0.951* —-0.916" —0.897*

RPA 0.312 0.410 0.258 0.353 0.574 0.314 —0.388

FICA 0.835* 0.713* —0.493 0.911% 0.762* 0.961* —0.760* 0.166

TAC 0.979* 0.984* 0.096 0.954* 0.943* 0.899* —0.990* 0.388 0.752*

“Significant correlation with p < 0.01.

detected in the samples and the possibility that tannins in Falsa
do not contribute significantly to free radical stabilization or
electron donation in these assay systems.

Strong interassay correlations were also observed. In particular,
DPPH exhibited significant positive correlations with FRAP,
ABTS, FICA, and TAC, with the strongest correlation observed
between DPPH and ABTS (r = 0.988, p < 0.01). These results
support the complementary nature of these assays in capturing
different aspects of antioxidant capacity. TAC also correlated
positively with all other antioxidant assays (exept RPA and OH-
RSA), indicating its utility as a robust indicator of antioxidant
potential.

An unexpectedly strong negative correlation (r = —0.97) ex-
isted between TPC/TFC and -OH-RSA, which could likely
be explained by the unique behavior of Fenton-type hydroxyl
radical assays, in which the analytical signal reflects not only
direct radical quenching but also metal-mediated radical gen-
eration. Polyphenolic compounds are able to chelate or reduce
Fe3*/Fe?*, thereby altering the kinetics of -OH formation and
decay in the reaction system [48]. As a result, -OH-RSA may
not correlate linearly with TPC but instead depends on phe-
nolic structure, redox characteristics, and metal-chelating
ability, often displaying inverse or nonlinear trends relative
to single-electron transfer-based assays (e.g., DPPH, ABTS,
and FRAP). In support of this observation, Rangani et al. [49]
reported that hydroxyl radical scavenging capacity was nega-
tively correlated with TPC, while its association with TFC in
unripe areca nut extracts was weak. However, in ripe areca
nuts, both correlation coefficients were negative, with co-
efficients of —0.47 for TPC and —0.67 for TFC, respectively.
Similarly, a recent investigation in our group on citrus peels
[15] demonstrated a weak negative correlation between -OH-
RSA and both TPC (-0.09) and TFC (-0.26).

Despite these consistent and mechanistically interpretable rela-
tionships, the complexity of phenolic interactions necessitates
caution when drawing conclusions from in vitro antioxidant
assays alone. The antioxidant performance of polyphenols is in-
fluenced by synergistic and antagonistic interactions, structural
diversity, and matrix effects. Therefore, no single method can

comprehensively describe the antioxidant profile of a complex
food matrix such as Falsa. Further LC-MS/MS-based studies are
warranted to elucidate the qualitative and quantitative contri-
butions of individual phenolics, providing deeper mechanistic
insight into their antioxidant behavior and processing stability.

3.4 | LC-ESI-QTOF-MS/MS Characterization of Falsa
Fruit Products

LC-MS is a powerful analytical platform that enables the sep-
aration, detection, and structural identification of complex
mixtures with high sensitivity and specificity [50]. In this
study, LC-ESI-QTOF-MS/MS was employed to character-
ize the phenolic profiles of 12 processed Falsa products. The
analysis was performed in both positive and negative ioniza-
tion modes ([M—H]~/[M+H]*), using Agilent MassHunter
Qualitative Software and the Personal Compound Database
and Library. Identification of phenolic compounds was based
on mass-to-charge ratio (m/z), MS/MS fragmentation pat-
terns, and matching to library standards, with compounds se-
lected under the criteria of mass accuracy within +5ppm and
a library match score above 80.

A total of 88 polyphenolic compounds were tentatively identified
across the analyzed samples (Table 4), comprising 32 phenolic
acids, 36 flavonoids, 6 lignans, 2 stilbenes, and 12 other polyphe-
nols. This comprehensive profiling highlights the substantial
chemical diversity of phenolic constituents present in Falsa-
derived products. This diversity may provide a strong molecu-
lar basis for the antioxidant activity observed in earlier assays.
Moreover, the presence of several flavonoids also agrees with the
high TFC values and strong antioxidant correlations observed in
previous sections. The hierarchical clustering heatmaps derived
from LC-ESI-QTOF-MS/MS data (negative and positive ESI
modes) illustrate the distribution of tentatively identified poly-
phenolic compounds across the 12 Falsa products (Figure 1). In
general, compared to the negative ESI mode, the positive ESI
mode displayed comparatively more compact clustering pat-
terns, suggesting a more uniform distribution of detected com-
pounds across samples relative to the negative mode. Samples
in both ionization modes were grouped based on similarities in
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Sample
*FOJ, FOP
*FOJ, FOP,
FOD, FON

MS?
product
ions
227
271, 241, 225

Error
(ppm)
0.3
2.4

Observed
(m/z)
389.1273
287.1291

Theoretical
(m/z)
389.1272
287.1284

Molecular
weight
390.1345
286.1211

Ionization
(ESI*/ESID)
[M-H]-
[M+H]*"

58.790
62.535

RT (min)

Molecular
formula
C,oH,04
C;H;50,

Proposed compounds
Resveratrol 5-O-glucoside
4-Hydroxy-3,5,4’
-trimethoxystilbene

Stilbenes

87
88

No.

Abbreviations: FND, Falsa natural drink; FNFL, Falsa natural fruit leather; FNJ, Falsa natural jam; FNN, Falsa natural nectar; FNP, Falsa natural pulp; FNS, Falsa natural squash; FOD, Falsa organic drink; FOFL, Falsa organic

fruit leather; FOJ, Falsa organic jam; FON, Falsa organic nectar; FOP, Falsa organic pulp; FOS, Falsa organic squash.

#

Compounds were identified in both negative [M — H]— and positive [M + H]+ ionization modes; however, only data from a single mode are presented.

The compound was detected in multiple Falsa samples; the data presented in this table correspond to the sample marked with an asterisk.

ok

TABLE4 | (CONTINUED)

their polyphenolic profiles, with no clear separation according
to fruit cultivation type (organic vs. natural). The clustering
patterns indicate variability in the relative distribution of com-
pounds among the processed products. These differences may
be associated with variations in processing.

3.4.1 | Phenolic Acids

Phenolic acids are key bioactive constituents in berries and contrib-
ute significantly to their antioxidant potential [51]. In this study, 32
phenolic acids were tentatively identified in the processed Falsa
products, including 7 hydroxybenzoic acids, 21 hydroxycinnamic
acids, 1 hydroxyphenylacetic acid, and 2 hydroxyphenylpropa-
noic acids (Table 4). Within the hydroxybenzoic acid subclass,
Compound 5 was tentatively identified as paeoniflorin ([M—H]~
at m/z 479.16). Other hydroxybenzoic acids included 2,3-dihy-
droxybenzoic acid (m / z 153.0181), gallic acid (m /7 171.0289), and
3-O-methylgallic acid (m /z 185.0451), which produced fragment
ions atm /7109, 125, and 142, respectively, indicative of CO, loss.

Hydroxycinnamic acids were the most abundant phenolic acid
subclass detected, consistent with their common occurrence in
fruits and cereals [52, 53]. A total of 21 hydroxycinnamic acid
derivatives were tentatively characterized. In particular, ferulic
acid (Compound 29) was detected at m /z 193.0493, along with
its conjugated forms ferulic acid 4-O-glucuronide (Compound
8, m /7 369.0808) and ferulic acid 4-O-glucoside (Compound 24,
m /z 355.1027). These were identified based on characteristic
losses of glucuronide (176 Da) and glycoside moieties, producing
fragments atm /z 193, 178, 149, and 134.

Quinic acid derivatives were also present, including 3-p-couma-
roylquinic acid (Compound 19, m / 7 337.0895) and 3-caffeoylqui-
nic acid (Compound 18, m /7 353.0866). Sinapic acid (Compound
12, m/z 223.0620) was confirmed through water loss to m/z
205, consistent with Grzegorczyk-Karolak et al. [54]. Further
notable compounds included caffeoyl glucose (Compound 27,
m /z 341.0895), identified by glucose loss (162 Da) and fragment
ions at m /z 179 and 161 [55]. m-Coumaric acid (Compound 28,
m /z 163.0416) showed decarboxylation to m /z 119 [56]. Caffeic
acid (Compound 13, m /z 179.0349) exhibited base peaksatm/z
143 (loss of 2H,0) and m/z 133 (loss of HCOOH), supporting
its identification [57]. Cinnamic acid (Compound 22) was identi-
fied in the negative ionization mode at m /z 147.0438 only in the
Falsa organic squash sample.

The presence of glycosylated and quinic acid conjugates might
indicate the activity of transferases involved in phenolic modifi-
cation. Thermal processing can markedly influence these com-
pounds; heating promotes glycoside hydrolysis, increasing the
levels of free, more bioavailable aglycones such as ferulic acid,
whereas excessive heat can induce degradation, contributing to
the overall decline in TPC, as discussed in Section 3.1.

Among the identified hydroxycinnamic acids, caffeic acid is of
particular interest due to its reported anticancer activity, espe-
cially against hepatocellular carcinoma [58]. This bioactivity is
attributed to the compound’s structure, particularly its catechol
hydroxyl groups and conjugated double bonds, which enable ef-
ficient radical scavenging and metal chelation.

17 of 24



Negative ESI

146)7-0-tramnoside

i E——1

R R T = S R R

zZ z L & o g

EEEIL‘“ESESE»&
Group

Organic
Natural

Positive ESI
[ E T Group
— —-— —

—

2 oA =2 ZzZ 2 a2 & 2 3 & Z
o ) Z
EELLEESSELLEQE

Group

Organic
Natural

FIGURE1 | Heatmaps representing the relative abundance of identified polyphenolic compounds across the processed Falsa products obtained by
LC-ESI-QTOF-MS/MS analysis in negative and positive ionization modes. Color intensity (blue to red) indicates low to high relative abundance of

compounds. Hierarchical clustering illustrates similarities and differences among samples, highlighting distinct grouping patterns between organic

and natural products and variations associated with processing methods. Abbreviations: FND, Falsa natural drink; FNFL, Falsa natural fruit leath-

er; FNJ, Falsa natural jam; FNN, Falsa natural nectar; FNP, Falsa natural pulp; FNS, Falsa natural squash; FOD, Falsa organic drink; FOFL, Falsa

organic fruit leather; FOJ, Falsa organic jam; FON, Falsa organic nectar; FOP, Falsa organic pulp; FOS, Falsa organic squash.

3.4.2 | Other Polyphenols

In addition to phenolic acids, flavonoids, stilbenes, and lignans,
a total of 12 additional polyphenolic compounds were identified
across the 12 processed Falsa products. These included lithosper-
mic acid (1), hydroxycoumarins (3), furanocoumarins (1), hy-
droxybenzaldehydes (1), hydroxybenzoketones (1), curcuminoids
(3), and tyrosols (2). Among the hydroxycoumarins, scopoletin
(Compound 72) and esculetin (Compound 71) were detected,
with precursor ions at m /z 191.0348 and 177.0187, respectively.
In the MS? spectrum, scopoletin produced a characteristic frag-
ment at m / z 176, resulting from the loss of a methyl group (CH,,
15Da). Esculetin displayed a product ion atm /z 133, correspond-
ing to the loss of both water (18 Da) and carbon monoxide (28 Da),
consistent with previously reported fragmentation patterns.

These minor polyphenolic classes, although present in lower
abundance, contribute to the overall chemical diversity of Falsa
and may play synergistic roles in antioxidant activity. Their
presence highlights the complex phytochemical composition of
Falsa-based processed products and supports their characteriza-
tion as a functional food source.

3.4.3 | Flavonoids

A total of 36 flavonoids were identified in the processed Falsa
products, encompassing various subclasses: flavanols (7), fla-
vones (4), flavanones (5), flavonols (5), dihydrochalcones (2),

dihydroflavonols (3), anthocyanins (3), and isoflavonoids (7)
(Table 4). These compounds are known for their antioxidant,
anti-inflammatory, and health-promoting properties and con-
tribute substantially to the bioactivity of fruit-based func-
tional foods.

3.4.3.1 | Flavanols. Among the flavanols, procyanidin dimer
Bl (Compound 39) was detected in multiple samples (Falsa
natural drink, Falsa organic jam, Falsa natural squash, Falsa
natural nectar, and Falsa organic squash). It was tentatively
identified based on the precursor ion [M—H]~ at m /z 577.138.
Prodelphinidin dimer B3 (Compound 37) was identified in both
ionization modes with a molecular ion at m /z 611.1396. Frag-
ment ions at m /z 469, 311, and 291 were attributed to heterocy-
clic fission and subsequent loss of phloroglucinol and hydroxyl
groups, respectively [59].

3.4.3.2 | Flavones and Flavanones. Four flavones (Com-
pounds 40-43) and five flavanones (Compounds 44-48) were
also detected. In positive ionization mode, Compound 40 (m/z
345.0958) was identified as cirsilineol, Compound 42 (m/z
463.1248) as chrysoeriol 7-O-glucoside, and Compound 41 (m /z
565.1534) as apigenin 7-O-apiosylglucoside. Flavanones included
narirutin (Compound 46, m /z 579.1709) and naringenin (Com-
pound 44, m /z 271.0604) detected in negative ionization mode.

Flavonols are an important subclass of flavonoids, characterized
by a ketone group and a 3-hydroxyl group on the central pyran
(C) ring. Structurally, they consist of two aromatic rings (A and
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B) connected by a heterocyclic C ring and are known to contrib-
ute to proanthocyanidin biosynthesis. Flavonols such as quer-
cetin, kaempferol, and myricetin are commonly found in fruits
and vegetables and exhibit strong antioxidant properties, includ-
ing free radical neutralization and protection against oxidative
stress-related diseases [60].

In this study, five flavonols were identified: isorhamnetin
(Compound 51, m/z 315.0515), quercetin 3-O-arabinoside
(Compound 49, m /z 433.0780), and kaempferol 3-O-glucosyl-
rhamnosyl-galactoside (Compound 50, m/z 755.2032).
Fragmentation of Compound 51 produced a base peak at m/z
300, corresponding to the loss of a methyl radical. Product ions at
m /z 271 and 285 from Compounds 49 and 50 indicated charac-
teristic fragmentation patterns, confirming their identities [61].

3.4.3.3 | Dihydrochalcones. Dihydrochalcones are a subclass
of flavonoid derivatives with a distinctive structure consisting
of two aromatic rings connected by a three-carbon aliphatic
chain. They exhibit diverse bioactivities, including antioxidant,
anti-inflammatory, antimicrobial, and antidiabetic effects, often
enhanced by glycosylation [62, 63]. In this study, 3-hydroxy-
phloretin 2/-O-glucoside (Compound 54) was identified only in
Falsa organic squash, with a precursor ion of m /z 451.125 in
negative ionization mode.

3.4.3.4 | Dihydroflavonols. Dihydroflavonols are formed via
the oxidative hydroxylation of flavanones, introducing a hydroxyl
group at the C-3 position. These intermediates are critical in
flavonoid biosynthesis and also display antioxidant and cardi-
oprotective properties [64]. Dihydromyricetin 3-O-rhamnoside
was detected in negative mode at m /z 465.1077. Fragmentation
yielded a product ion at m /z 301, corresponding to the loss of a
rhamnose moiety (164 Da), consistent with reported data [65].

3.4.3.5 | Isoflavonoids. Isoflavonoids are structurally similar to
flavonoids but differ in the positioning of the B ring on the cen-
tral C ring. They are largely plant-derived and are recognized
for their phytoestrogenic activity and therapeutic potential in
cancer, inflammation, osteoporosis, and metabolic disorders
[66, 67]. A total of seven isoflavonoids were identified across
the processed Falsa samples investigated in this study.

Equol (Compound 62, m /z 243.1021 [M + H]*) was detected in
Falsa organic pulp, Falsa organic squash, and Falsa natural nec-
tar, while 2’-hydroxyformononetin (Compound 66) was found
in Falsa organic squash, with m /z 285.0745 and product ions at
m /z 270 and 229. Sativanone (Compound 63) was also observed
in Falsa organic squash, identified in negative mode at m/z
299.0913, showing characteristic fragment ions at m /z 284 and
269 due to the loss of a methyl group [68]. 6”-O-Malonyldaidzin
(Compound 68, m /z 503.1186 [M + H]|*) was identified in Falsa
organic pulp and Falsa organic squash, with a key MS/MS frag-
ment at m /z 255, confirming its identity.

3.4.4 | Anthocyanins
Anthocyanins are water-soluble flavonoid pigments responsible

for the red, purple, and blue hues found in many fruits, vegeta-
bles, and flowers, particularly in berries and dark-colored plant

materials. Structurally, anthocyanins consist of a benzopyran
backbone with varying hydroxyl and methoxy substitutions,
which influence their color expression and chemical stabil-
ity [69]. Common anthocyanins include cyanidin, petunidin,
malvidin, and pelargonidin, which are often glycosylated, en-
hancing their solubility and bioavailability.

In this study, three anthocyanins were tentatively identified in
processed Falsa products. Compound 60 was detected in Falsa
organic pulp and Falsa natural squash, with a precursor ion
at m /z 612.1685 in positive ionization mode. MS/MS analysis
produced characteristic fragment ions at m /z 449 (indicative
of [M—glucose—H,0]*) and m /z 287 (resulting from further
loss of glucose), supporting the identification of cyanidin 3,5-0-
diglucoside. Compound 61 was found in Falsa natural nectar
and Falsa organic nectar and was tentatively identified as cy-
anidin 3-0-(6"-p-coumaroyl-glucoside), based on its precursor
ion at m/z 596.1547 in positive ionization mode. The couma-
royl conjugation on the glucose moiety suggests enhanced anti-
oxidant activity and increased stability in acidic food matrices,
making these compounds particularly relevant to the color and
functional properties of Falsa-based products.

3.4.5 | Other Polyphenols

In addition to the major flavonoid subclasses and phenolic acids,
other polyphenolic compounds were identified across the 12
processed Falsa products. These included hydroxycoumarins
(3), furanocoumarins (1), hydroxybenzaldehydes (1), hydroxy-
benzoketones (1), curcuminoids (3), and tyrosols (2) (Table 4).
Among the hydroxycoumarins, scopoletin and esculetin were
detected in both positive and negative ionization modes, with
precursor ions at m /z 191.0348 and 177.0187, respectively. The
MS? spectrum of scopoletin showed a major fragment at m/z
176, consistent with the loss of a methyl group (15Da), confirm-
ing its structure [70]. Esculetin generated a product ion at m/z
133, corresponding to successive losses of H,0 (18 Da) and CO
(28 Da) from the precursor ion, supporting its identification [71].

3.4.6 | Lignans and Stilbenes

Lignans are a class of plant-derived polyphenolic compounds and
represent a major group of phytoestrogens. Structurally, lignans
are typically composed of two phenylpropanoid units (C6-C3)
linked through carbon-carbon or carbon-oxygen bonds, forming
dimers or more complex oligomers [72]. These secondary metab-
olites are widely distributed in the plant kingdom, particularly in
seeds, whole grains, vegetables, and fruits. Flaxseed is considered
one of the richest dietary sources of lignans. Numerous in vitro
and in vivo studies have demonstrated the anticancer, antioxidant,
cardioprotective, and antiestrogenic effects of lignans, supporting
their relevance in health-promoting foods [73].

Stilbenes are another important group of plant polyphenols,
found predominantly in roots, rhizomes, leaves, and bark. They
are synthesized as defense compounds in response to biotic and
abiotic stresses. Stilbenes typically feature a C6-C2-C6 back-
bone with various hydroxyl, methoxy, or sugar substituents,
giving rise to compounds such as resveratrol, piceatannol, and
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pterostilbene [74]. These compounds exhibit a wide range of bio-
activities, including antioxidant, anticancer, neuroprotective,
and cardioprotective effects [75]. The distribution and concen-
tration of stilbenes in plants are known to vary depending on
tissue type, developmental stage, and seasonal conditions [76].

In this study, Compound 87 was tentatively identified in Falsa
organic jam and Falsa organic pulp as resveratrol 5-O-glucoside,
with a precursor ion at m/z 389.1273. The MS? spectrum ex-
hibited a major fragment ion at m /z 227, corresponding to the
loss of a glucoside moiety (162 Da), confirming the compound’s
structural identity [77].

The Falsa samples analyzed in this study were found to con-
tain several phenolic compounds known for their antioxidant
properties, including various derivatives of caffeic acid, ferulic
acid, and procyanidin. Caffeic acid derivatives are recognized
for their ability to scavenge free radicals and inhibit oxida-
tive stress by donating hydrogen atoms and chelating metal
ions, thereby contributing to cellular protection against oxi-
dative damage [78]. Similarly, ferulic acid derivatives possess
potent antioxidant activity through their capacity to stabilize
free radicals and modulate antioxidant enzyme activities [79].
Procyanidins, which are oligomeric flavan-3-ols, have been
extensively studied for their high radical scavenging capacity
and are also linked to cardioprotective and neuroprotective
effects due to their ability to reduce lipid peroxidation and
inflammation [80]. These compounds collectively contribute
to the enhanced antioxidant potential observed in the fruit
pulps, underlying their possible health benefits in mitigating
oxidative stress-related diseases. To validate these untargeted
findings into validated functional benefits, future studies
must focus on two critical areas: first, employing targeted

quantification to establish the precise absolute concentrations
of key compounds for correlation with specific in vitro or in
vivo biological effects; and second, utilizing advanced me-
tabolomics approaches in cell-based assays or postdigestion
models to monitor the biotransformation and bioavailability
of these compounds, thereby establishing a definitive link be-
tween the identified chemical structures and their validated
biological activity within a physiological context.

3.5 | Heatmap Visualization of HPLC Data

Hierarchical clustering analysis of HPLC-PDA data was
performed to evaluate the phenolic profiles of 12 processed
Falsa products, and the results are presented as a heatmap
(Figure 2). This approach enables comparative visualization
of the relative distribution of selected phenolic acids and fla-
vonoids, facilitating the identification of similarities and dif-
ferences among product types and processing methods. The
clustered heatmap revealed distinct grouping patterns based
on the phenolic composition. One cluster comprised Falsa or-
ganic nectar, Falsa organic squash, Falsa organic drink, and
Falsa organic jam, characterized by consistently low epicate-
chin levels and generally lower to moderate concentrations of
phenolic acids, including gallic, p-hydroxybenzoic, p-couma-
ric, and trans-ferulic acids. A second cluster included products
such as Falsa natural squash, Falsa organic pulp, and Falsa
organic fruit leather, which exhibited comparable phenolic
profiles with some variability, particularly in gallic acid con-
tent. In contrast, Falsa natural pulp displayed a distinct phe-
nolic signature, clearly separated in the clustering analysis,
with markedly elevated epicatechin and increased p-hydroxy-
benzoic acid relative to the other samples. Overall, phenolic

3
Gallic acid
Epicatechin 2
p-Hydroxybenzoic acid 1
Coumaric acid

0
trans-Ferulic acid

-1

FIGURE 2 | Heatmap showing the distribution and relative concentrations of selected phenolic compounds across 12 processed Falsa products.
Color gradients represent compound abundance, with red indicating higher concentrations and blue indicating lower concentrations. Hierarchical
clustering was applied to group both samples and compounds based on similarity in phenolic profiles. Abbreviations: FND, Falsa natural drink;
FNFL, Falsa natural fruit leather; FNJ, Falsa natural jam; FNN, Falsa natural nectar; FNP, Falsa natural pulp; FNS, Falsa natural squash; FOD,
Falsa organic drink; FOFL, Falsa organic fruit leather; FOJ, Falsa organic jam; FON, Falsa organic nectar; FOP, Falsa organic pulp; FOS, Falsa or-

ganic squash.

20 of 24

Journal of Food Processing and Preservation, 2026



concentrations across processed products appeared variable
and, in several cases, reduced, likely reflecting the impact of
processing conditions such as thermal treatment and storage.
This observation is consistent with previous reports indicat-
ing that processing can influence phenolic composition and
associated antioxidant potential.

4 | Conclusions

This study highlights the potential of processed Falsa prod-
ucts as a source of bioactive phenolic compounds, with natural
Falsa fruit leather being the most phenolic-rich and antioxi-
dant-active formulation. The identification of 88 distinct poly-
phenolic compounds supports Falsa’s chemical diversity and
its relevance as a functional food ingredient. The results
demonstrate that processing methods significantly influence
the retention of bioactive compounds, highlighting the impor-
tance of optimized drying and minimal thermal exposure in
preserving phenolic integrity and antioxidant capacity. From
a practical perspective, these findings provide guidance for de-
veloping polyphenolic-enriched, health-oriented Falsa-based
products. Food processors and product developers may exploit
the fruit’s natural antioxidant properties through minimal
processing techniques, controlled dehydration, and protective
packaging strategies that minimize oxidative degradation.
Further, incorporating Falsa extracts into active packaging,
microencapsulation systems, or natural preservative formula-
tions could enhance both nutritional and storage stability in
functional food applications. Future research should focus on
understanding the bioavailability and in vivo efficacy of Falsa-
derived phenolics, as well as evaluating sensory acceptance,
product stability during storage, and scalability of processing
methods. These investigations will be essential for validating
health claims, optimizing processing parameters, and advanc-
ing the commercial application of Falsa-based functional foods.

However, several limitations should be acknowledged. The use
of absolute methanol as the extraction solvent may have limited
the recovery of certain phenolics compared with mixed or acid-
ified solvent systems. Furthermore, this study focused only on
the pulp fraction, excluding peel or seed components that might
be a richer source of polyphenols. Additionally, the antioxidant
activity was assessed through chemical assays, which may
not fully reflect physiological efficacy. Future research should
therefore optimize extraction solvents for enhanced recovery of
polyphenols, use in vivo assays that are more accurately reflec-
tive of biological activity given their mechanistic similarity to
the human body, and evaluate consumer acceptability of pheno-
lic-rich formulations such as fruit leather. Further work should
also examine storage stability, packaging interactions, and scal-
ability of production processes to support the development of
commercially viable Falsa-based functional products.
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