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Abstract

Steam distillation residues (SDRs) of aromatic plants were utilized to produce antioxidant
extracts using hydroalcoholic solvents with increasing percentages of ethanol (0, 50, 75
and 100% v/v). The phenolic composition and antioxidant power were measured and
compared to the corresponding fresh aromatic plants (FAPs). The largest amount of
polyphenols, ranging from 14.15 (lemon balm FAP) and 19.61 (lavender SDR) mg gallic
acid equivalents/g dry matter (DM), was found in 0% ethanol (pure water) extracts. The
phenolic content of lavender and spearmint SDR extracts was higher than that of the
corresponding FAP extracts, while the opposite was observed with lemon balm. Rosmarinic
acid was the most abundant hydroxycinnamic acid detected, ranging from 608.65 ug/g DM
in lemon balm 50% ethanol FAP extract to 697.47 ug/g DM in spearmint 50% ethanol SDR
extract. The lavender and spearmint SDR extracts exhibited higher antioxidant power than
the FAP extracts, while the extracts from fresh lemon balm were more antioxidant than
the SDR. The lavender 50% ethanol SDR extract showed the highest scavenging activity
(67.16%) and ferric reducing power (16.60 mg ascorbic acid equivalents/g DM). These
results prove that spent aromatic residues can be utilized to produce antioxidant blends for
various industrial applications.

Keywords: antioxidant; essential oil; fresh aromatic plant; lavender; lemon balm;
polyphenols; rosmarinic acid; spearmint; steam distillation residues; UHPLC-MS

1. Introduction

Essential oils (EOs) are liquid blends of natural, volatile, aromatic organic compounds
produced in different parts of plants, such as flowers, seeds, roots, fruits, leaves, and
wood [1]. They have a wide range of applications, including use in foods as preserving
agents due to their antimicrobial properties [2]. Additionally, their unique and pleasant
scents make them popular in cosmetics and in the fragrance industry [3]. They are also
commonly used in aromatherapy [4].

The growing interest in the health benefits of natural compounds has led to an increase
in the cultivation of medicinal and aromatic plants. While the world cultivated area slightly
decreased from 2020 to 2024, with 1,512,028 ha and 1,474,358 ha, respectively, the production
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increased from 3,171,040.83 tons (2020) to 3,312,623.04 tons (2024) [5]. In 2025, the European
aromatic and medicinal plant market was estimated to be worth USD 5313.2 Million and is
expected to reach USD 9355.7 Million by 2034 [6]. Europe accounted for 28.72% of the global
market, with Bulgaria representing the leading producer country (20.2%), followed by Spain
(19.4%), Turkey (10.0%), and Italy (8.4%) [7]. Specifically, in terms of EO production, Europe
contributes 25% of the global production, with Italy strongly specialized in the production
of lavender, mint, thyme, bergamot, basil, oregano, coriander, and chamomile EOs [8].

Aromatic plants, which are sources of the most used EOs, are not restricted to a single
species but are distributed among all plant classes. Among members of the Lamiaceae
family, lavender (Lavandula spp.) is one of the most commercially valuable aromatic
plants, which has a wide range of applications in perfumery, air fresheners, cosmetics
and aromatherapy. In addition, lavender EO exhibits antimicrobial properties against
food-borne bacteria, human pathogens, and plant pathogenic fungi. The components of
lavender EO also possess antioxidant, anti-inflammatory, and relaxing properties [9].

Mint (Mentha spp.) and lemon balm (Melissa officinalis L.), both belonging to the
Lamiaceae family, are also well-known aromatic plants with valuable EOs. Mint EO
has therapeutic effects on the kidney, gastrointestinal, and respiratory systems due to its
antioxidant, anti-inflammatory, and antimicrobial activities [10]. It is also used in the food
industry as a natural preservative and flavouring for chewing gum, and in cosmetics as
an ingredient in toothpaste [11,12]. Mint is native to Europe, and in Italy, Piedmont is the
main region where it is cultivated [13,14].

Lemon balm EO has a variety of applications, including antispasmodic, antioxidant,
neuroprotective, and anxiolytic properties. Due to its effects on the central nervous system,
this EO is often recommended for the treatment of anxiety [15]. It also has antimicrobial
activity, showing effects toward Gram-positive and Gram-negative bacteria. This property
makes it suitable for use as a food preservative [16]. Lemon balm is an aromatic plant
native to Turkey, but it is currently cultivated throughout Europe, particularly in France,
Italy, Germany, and Bulgaria [17].

EO production involves extracting aromatic plants using conventional or innova-
tive techniques. Conventional methods include steam distillation, cold pressing, and
organic solvent extraction, while supercritical fluid, ultrasound-assisted, and solvent-free
microwave extractions are among the innovative techniques. Steam distillation, which is
one of the oldest methods used to produce EOs, involves heating the entire plant in water
and collecting the resulting EO by condensation through a cooling system. This method is
simple and cost-effective, making it the preferred choice as it does not require additional
time-consuming purification steps [18]. However, the yield of EO is low, typically ranging
from 0.8 to 1.3% of the fresh plant, resulting in a large volume of waste that must be dis-
posed of each year [19,20]. Despite being considered waste, these spent plants still contain
valuable compounds with various biological activities, such as polyphenols. They are
secondary metabolites known for their antioxidant properties, thus preventing human dis-
eases related to oxidative stress. Polyphenols also possess antimicrobial, anti-inflammatory,
and anticancer properties [21], making them highly valuable molecules useful in various
industries [22].

The present paper focuses on the valorisation of aromatic plant residues that are accu-
mulated after the production of EO through steam distillation (steam distillation residues,
SDR). This aligns with the principles of the circular economy, where waste is considered a
potential resource, and with Sustainable Development Goal 12 (responsible consumption
and production) of Agenda 2030, which aims to reduce waste through reduction, recycling
and reuse within 2030. Our specific aim was to investigate the potential use of several steam
distillation residues (SDRs) to produce antioxidant blends that can be used as preservatives
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in food and cosmetics. We selected lavender (Lavandula angustifolia Mill. cv. Maillette),
spearmint (Mentha spicata L.), and lemon balm (Melissa officinalis L.) spent residues as
sources of antioxidant compounds. The type and amount of the phenolic compounds
along with the antioxidant power of the extracts were estimated and compared with the
composition and properties of the extracts obtained from the corresponding fresh aromatic
plants (FAPs).

2. Materials and Methods
2.1. Chemicals

Chemicals for the estimation of total phenols (Folin-Ciocalteu, Na,COj3, gallic acid), to-
tal flavonoids (AICl3-H,O, NaNO,, NaOH, catechin), total ortho-diphenols (NaMoO4, HCI,
caffeic acid), antioxidant assays (2,2-diphenyl-1-picrylhydrazyl-DPPH, 2,4,6-tripyridyl-S-
triazine-TPTZ, FeCl;-6H,0O, ascorbic acid, butylated hydroxytoluene-BHT), and HPLC
standards were purchased from Sigma-Aldrich Co. (Milan, Italy). Absolute ethanol for ex-
traction processes, and HPLC-grade acetonitrile, were from Merck (Darmstadt, Germany).
Glacial acetic acid was obtained from Carlo Erba (Rodano, Milan, Italy). Ultrapure water
(18.2 mQ)) was prepared by Millipore Milli-Q purification system (Millipore Corp., Bedford,
MA, USA).

2.2. Aromatic Plants and Extraction Process

The following spent residues from EO steam distillation process were kindly provided
by “Biolea Italia” (Gesualdo, Italy): lavender (Lavandula angustifolia Mill. cv. Maillette),
spearmint (Mentha spicata L.), and lemon balm (Melissa officinalis L.). FAPs were also
supplied for comparison. FAPs and SDRs were dried in an oven at 50 °C until constant
weight was reached. The dry material was ground, suspended in the extraction solvent
(5% w/v), and left to macerate at 25 °C for 24 h. Hydroalcoholic solutions with different
ethanol percentages (0, 50, 75 and 100% v/v) were used as the extraction solvent. The final
suspension was centrifuged in an Eppendorf 5810R centrifuge at 4000 rpm for 20 min at 4 °C
(Eppendorf, Hamburg, Germany) and the cleared supernatant (FAP and SDR extract) was
recovered. It was aliquoted in 2 mL Eppendorf tubes and stored at —20 °C until analysis.

2.3. Extracts Characterization
2.3.1. Total Phenolic Content

The total phenolic content (TPC) in the lavender, spearmint and lemon balm FAP
and SDR extracts was assessed by the Folin—Ciocalteu method [23]. A volume of extract
between 5 and 50 puL was diluted up to 150 uL with deionized water and mixed with
750 uL of Folin—Ciocalteu solution diluted in deionized water (1:10 v/v). Then, 600 uL
of 7.5% (w/v) NapCO3 was added and the reaction mixture was incubated for 2 h in the
dark at room temperature. The absorbance was recorded at 765 nm against a blank made
of the same reagents and 150 uL of deionized water (spectrophotometer Genesys 180,
Thermo-Scientific, Rodano, Italy). The TPC was calculated by a calibration curve prepared
with several quantities of gallic acid (reference compound) ranging from 1.5 to 10 pug. The
results were expressed as mg gallic acid equivalents (GAE)/g dry matter (DM).

2.3.2. Total Flavonoid Content

The total flavonoid content (TFC) in the lavender, spearmint and lemon balm FAP
and SDR extracts was measured following the method of Barreira et al. (2008) with some
modifications [24]. Two hundred and fifty uL of extract was mixed with 75 uL of 5% (w/v)
NaNO; and 1.25 mL of deionized water. After 5 min, 150 pL of 16% (w/v) AlCl3-6H,O
was added, and after an additional minute the reaction mixture was completed by adding
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500 pL of 1 M NaOH and 275 pL of deionized water. After vigorous mixing, the absorbance
was measured at 510 nm against a blank made of the same reagents and 250 uL of deionized
water. The TFC was determined by a calibration curve prepared with increasing quantities
of catechin (reference compound) ranging from 5 to 75 ug. The results were expressed as
mg catechin equivalents (CE)/g DM.

2.3.3. Total ortho-Diphenolic Content

The total ortho-diphenolic content (TDC) in the lavender, spearmint and lemon balm
FAP and SDR extracts was estimated as described by Arnow (1937) [25]. A volume of
extract between 20 and 50 uL was diluted up to 400 uL with deionized water and mixed
with the following reagents added in sequence: 0.5 M HCl (400 pL), 1.45 M NaNO; and
0.4 M NapyMoOy (400 uL), 1 M NaOH (400 pL). The absorbance of the developed colour
was instantaneously read at 500 nm against a blank prepared with the same reagents and
400 pL of deionized water. The TDC was determined by a calibration curve prepared with
different quantities of caffeic acid (reference compound) ranging from 5 to 50 pg. The
results were expressed as mg caffeic acid equivalents (CAE)/g DM.

2.3.4. Analyses of Phenolic Compounds by Ultra-High-Performance Liquid
Chromatography—Electrospray Ionization Linear Ion Trap Mass Spectrometry
(UHPLC-ESI-LIT/MS") and Ultra-High-Performance Liquid Chromatography—Diode
Array Detector (UHPLC-DAD)

Identification of phenolic compounds in the lavender, spearmint and lemon balm
FAP and SDR extracts was carried out by ultra-high-performance liquid chromatography
(UHPLC)-linear ion trap mass spectrometry on an LTQ XL ion-trap mass spectrometer
coupled with a UHPLC Ultimate 3000 RS chromatographic system equipped with a Diode
Array Detector and Xcalibur® system manager data acquisition software v4.5 (Thermo
Fisher Scientific, Waltham, MA, USA). Individual compounds were separated on Luna
C18(2) column (250 x 4.6 mm, 5.0 um) equipped with a SecurityGuard™ pre-column
containing a C18 cartridge (Phenomenex, Torrance, CA, USA), at a flow rate of 500 pL/min;
solvent A was 0.2% acetic acid, and solvent B was 0.1% acetic acid in acetonitrile and water
(50:50 v/v). After a 5 min hold at 5% solvent B, elution was performed according to the
following conditions: from 5% (B) to 55% (B) in 55 min, from 55% (B) to 95% (B) in 10 min,
isocratic elution (95% B) for 10 min, and from 95% (B) to 100% (B) in 5 min. The column
effluent was split into two using a “T junction” placed after the chromatographic column
and analyzed “on-line” both by UV-Vis and heated electrospray ionization mass spectrom-
etry (HESI/MS); 80% of the effluent was sent to the Diode Array Detector (wavelength
range 200-800 nm) while 20% of the effluent was analyzed by HESI/MS. Mass spectra
were recorded from m/z 120 to 2000 in negative ionization mode. The capillary voltage
was set at —27 V, the spray voltage was at 4 kV, and the tube lens offset was at —87 V. The
heater temperature was set at 200 °C and the capillary temperature was 275 °C. Data were
acquired in MS and MS" scanning mode.

2.3.5. Semi-Quantitative Analyses by Reversed-Phase High-Performance Liquid
Chromatography-Diode Array Detector (RP-HPLC-DAD)

The phenolic compounds in the lavender, spearmint and lemon balm FAP and SDR
extracts were quantified by RP-HPLC-DAD on an HPLC chromatographer (Agilent 1260
Infinity II, Agilent Technologies Italia, Cernusco sul Naviglio, Milan, Italy) equipped with
a quaternary pump and a Diode Array Detector (DAD). The HPLC separation column
and the elution programme are described in Section 2.3.4, while solvent A was 0.5% acetic
acid, and solvent B was 0.1% acetic acid in acetonitrile and water (50:50 v/v). Elution
was performed at a flow rate of 700 pL/min. The extracts were filtered through a Phenex
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syringe filter, pore-size 0.2 um (Phenomenex, Castel Maggiore, Bologna, Italy), and 20 pL
was loaded onto the column. Peaks were detected at 280 nm. The identified phenolic
compounds for which a commercial standard was not available were quantified by means
of the calibration curve of the most similar available standards. Results were expressed as
ug equivalent/g DM.

2.4. Antioxidant Activity
2.4.1. DPPH Scavenging Activity

The ability of the lavender, spearmint and lemon balm FAP and SDR extracts to
counteract free radicals (radical scavenging activity, RSA) was measured using the 2,2-
diphenyl-1-picrylhydrazyl (DPPHe) reagent according to Squillaci et al. (2021) [26]. Briefly,
an appropriate volume of extract containing 5 ug GAE was diluted with deionized water
up to 150 pL. This solution was mixed with 1.35 mL of 60 uM DPPH in methanol. The
RSA was recorded after 30 min following the decrease in the purple colour at 517 nm
against a control sample containing 150 uL of deionized water. The scavenging activity
was calculated according to the following formula

RS A(%) _ Absorbance onirol — Absorbanceextract % 100
Absorbance gntrol

and compared to the RSA of 5 ug GAE of BHT used as the reference antioxidant.

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was performed as described by Fernandez-Agull6 et al. (2014) [27].
The following solutions were mixed in the ratio 10:1:1 (A:B:C—FRAP solution) at the
time of use: (A) 300 mM sodium acetate buffer, pH 3.6, (B) 10 mM TPTZ in 40 mM HC],
and (C) 20 mM FeCl3-6H,O. An appropriate volume of lavender, spearmint and lemon
balm FAP or SDR extracts, containing 5 ug GAE, was diluted up to 50 uL with deionized
water and added to 1.5 mL of FRAP solution. The absorbance of the reaction mixture
was measured at 593 nm after 4 min of assay, and FRAP values were calculated through a
calibration curve prepared with amounts of ascorbic acid ranging from 0.5 to 6.0 ug and
compared to the FRAP value of 5 ug GAE of BHT used as the reference antioxidant. The
results were expressed as mg of ascorbic acid equivalents (AAE)/g DM.

2.5. Statistical Analysis

All analytical assays in the extracts were performed in triplicate and expressed as
the mean standard deviation (SD) calculated by Microsoft Excel. Experimental data were
analyzed using GraphPad Prism (version 5). Significant differences were determined by
one-way analysis of variance (ANOVA) completed by Bonferroni post-tests. Mean values
were considered significantly different at p < 0.05.

3. Results and Discussion
3.1. Fresh Aromatic Plants and Aromatic Residues Extraction

FAP and SDR were dried to constant weight to remove the water content before the
extraction process. The weight loss of the SDR was greater than the FAP samples as the
former absorbed water during the EO production process. The moisture contents were
18.1%, 19.0%, and 17.2% for the SDR of lavender, spearmint and lemon balm, respectively.
The corresponding FAP had a moisture content of 8.1%, 10.2%, and 10.0%. The dried
and ground samples were subjected to maceration for 24 h in different hydroalcoholic
solutions, with ethanol serving as the organic solvent. To determine the most effective
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maceration solvent for producing an extract with a high yield of phenolic compounds, we
tested various concentrations of ethanol, including 0%, 50%, 75%, and 100%.

Under our experimental conditions, 0% ethanol (pure water) produced the SDR ex-
tracts with the highest quantity of phenolic compounds. Their amounts were 19.61 =+ 0.16,
10.68 £ 0.25, and 7.11 £ 0.11 mg GAE/g DM for lavender, spearmint, and lemon balm,
respectively. In the FAP samples, the highest TPC was found in 0% ethanol for laven-
der and lemon balm (4.79 £ 0.10 and 14.15 &+ 0.11 mg GAE/g DM, respectively), while
50% ethanol was the most effective solvent for spearmint (5.40 &= 0.22 mg GAE/g DM)
(Figures 1A, 2A and 3A).
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Figure 1. TPC, Total Phenolic Content (A), TFC, Total Flavonoid Content (B), and TDC, Total ortho-
Diphenolic Content (C) from Lavandula angustifolia Mill. cv. Maillette extracts. FAP, Fresh Aromatic
Plant; SDR, Steam Distillation Residues. GAE, Gallic Acid Equivalents; CE, Catechin Equivalents;
CAE, Caffeic Acid Equivalents; DM, Dry Matter; E, Ethanol. All determinations were performed in
triplicate, and results were expressed as mean + SD. Bars with different letters denote significant
statistical differences at p < 0.0001 within each type of plant biomass.
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Figure 2. TPC, Total Phenolic Content (A), TFC, Total Flavonoid Content (B), and TDC, Total ortho-
Diphenolic Content (C) from Mentha spicata L. extracts. FAP, Fresh Aromatic Plant; SDR, Steam
Distillation Residues. GAE, Gallic Acid Equivalents; CE, Catechin Equivalents; CAE, Caffeic Acid
Equivalents; DM, Dry Matter; E, Ethanol. All determinations were performed in triplicate, and results
were expressed as mean + SD. Bars with different letters denote significant statistical differences at
p < 0.0001 within each type of plant biomass.

The extraction process used in this study was chosen based on the criteria of cost-
effectiveness, low environmental impact, and scalability. In order to maintain the prin-
ciple of the eco-sustainability, we opted to use water and ethanol, which is a Generally-
Recognized-As-Safe organic solvent, as maceration liquids. Among the conventional
extraction techniques, maceration is considered one of the most suitable methods for
extracting bioactive molecules due to its use of low temperatures, resulting in energy
savings compared to other conventional techniques like heat reflux extraction [28]. Ad-
ditionally, compared to unconventional techniques that are now widespread, such as
microwave-assisted extraction and ultrasound-assisted extraction, maceration does not
require specialized equipment, making it a feasible option for small EO distilleries looking
to utilize their waste.
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Figure 3. TPC, Total Phenolic Content (A), TFC, Total Flavonoid Content (B), and TDC, Total ortho-
Diphenolic Content (C) from Melissa officinalis L. extracts. FAP, Fresh Aromatic Plant; SDR, Steam
Distillation Residues. GAE, Gallic Acid Equivalents; CE, Catechin Equivalents; CAE, Caffeic Acid
Equivalents; DM, Dry Matter; E, Ethanol. All determinations were performed in triplicate, and results
were expressed as mean =+ SD. Bars with different letters denote significant statistical differences at
p < 0.0001 within each type of plant biomass.

3.2. Extracts Characterization

The total phenol (TPC), flavonoid (TFC), and ortho-diphenol (TDC) contents were
measured and compared between FAP and SDR from the same aromatic plant. Flavonoids
and ortho-diphenols were specifically chosen for measurement for the following reasons:
flavonoids possess several biological properties, including their ability to scavenge radical
species [29], while ortho-diphenols are a type of polyphenol known for their strong antioxi-
dant power, due to the presence of the catechol group on the aromatic ring. This group is
able to stabilize the phenoxyl free radicals by forming intramolecular bonds between the
radical oxygen and the hydroxyl group [30].

3.2.1. Lavender

The TPC in the lavender extracts varied from 1.21 = 0.07 to 4.79 £ 0.10 mg GAE/g
DM for FAP, and from 1.25 + 0.02 to 19.61 £ 0.16 mg GAE/g DM for SDR (Figure 1A).
The TFC in the FAP extracts ranged from 0.21 £ 0.03 to 0.81 £ 0.03 mg CE/g DM, while
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the SDR extracts showed a wider range of values, from 1.86 &+ 0.21 to 11.70 & 0.21 mg
CE/g DM (Figure 1B). The TDC also varied, with values from 1.00 & 0.06 to 1.98 & 0.06 mg
CAE/g DM in the FAP extracts and from 6.02 & 0.17 to 25.93 & 0.19 mg CAE/g DM in the
SDR extracts (Figure 1C).

The results indicate that the TPC decreased as the percentage of ethanol increased in
the maceration solvent for both FAP and SDR extracts. The highest TPC was measured
in the 0% ethanol extracts. Analysis of variance showed that the TPC was significantly
influenced by the maceration solvent (p < 0.0001). This trend was also observed for the
TFC in the SDR, with the 0% ethanol extract providing the highest amount of flavonoids.
However, in the FAP extracts, the maximum TFC was measured in 75% ethanol, while 50%
ethanol was the richest extract in terms of TDC for both FAP and SDR samples. The values
of the phenolic families analyzed decreased in both plant matrices when the extractions
were performed in 100% ethanol. This trend was more pronounced in the SDR extracts,
which showed highly significant differences (p < 0.0001). Interestingly, the SDR extracts
had higher levels of polyphenols, flavonoids, and ortho-diphenols compared to the FAP
extracts. The TPC of the distillation residues was four times higher than that of the fresh
plant, except for 100% ethanol. The ratio of flavonoid content between SDR and FAP
(SDR/FEAP ratio) increased from 8.86 to 22.08 times from 100% ethanol to 0% ethanol. The
opposite trend was observed for the TDC from 0% ethanol to 75% ethanol. The values of
the SDR/FAP ratio are shown in Table S1.

Previously published data on this subject showed varying yields in terms of polyphe-
nols and flavonoids. This diversity makes it difficult to compare results from different
research groups. This could be due to various factors, including differences in soil and
climate conditions during plant growth, variations in harvest times, and differences in the
extraction process parameters, such as the type of solvent used, temperature, extraction
time, and biomass/solvent ratio.

Truzzi et al. (2022) measured the highest polyphenol yield in L. angustifolin SDR
following maceration in 50% ethanol [31]. The TPC was close to that reported in this
study (19.22 & 4.16 and 18.10 & 0.29 mg GAE/g DM, respectively), but the TFC was seven
times lower, with 1.56 &+ 0.21 mg quercetin equivalents (QE)/g DM [31]. According to
Slavov et al. (2020), the phenolic content of L. angustifolia ranged from 10.75 £ 0.91 to
14.63 + 0.91 mg GAE/g DM, and the TFC was 3.72 £ 0.11 mg/g DM after incubation
of the SDR extracts in 70% ethanol for 1 h at 60 °C, followed by maceration for 24 h at
room temperature [32]. A comparison was reported between extracts obtained from the
fresh plant and the residues after steam distillation for L. dentata. The maceration process
was carried out incubating 5% (w/v) biomass in 100% ethanol at room temperature for
48 h, resulting in a TPC of 14.33 & 0.15 and 28.59 £ 0.17 mg GAE/g DM for the fresh
plant and the residues, respectively [20]. While a direct comparison with the results of the
present study was not possible, as the two lavender plants belong to different species, it is
interesting to note that even in L. dentata, the SDR extract provided a higher quantity of
bioactive molecules than the fresh plant.

3.2.2. Spearmint

The TPC in the spearmint extracts varied from 1.37 £ 0.02 to 5.40 £ 0.22 mg GAE/g
DM for FAP, and from 1.23 £ 0.07 to 10.68 & 0.25 mg GAE/g DM for SDR (Figure 2A).
The flavonoids ranged from 0.77 & 0.12 to 1.04 £ 0.01 mg CE/g DM for FAP, and from
4.38 £ 0.28 to 5.88 &+ 0.19 mg CE/g DM for SDR samples (Figure 2B). The TDC comprised
between 1.60 & 0.02 and 3.38 4= 0.02 mg CAE/g DM in FAP, and between 10.31 4 0.78 and
14.23 £ 0.30 mg CAE/g DM in SDR extracts (Figure 2C).

https://doi.org/10.3390/agronomy16131240


https://doi.org/10.3390/agronomy16131240

Agronomy 2026, 16, 1240

10 of 34

The highest TPC was measured in the 0% ethanol SDR extract. The phenolic content of
extracts from the same type of biomass was significantly different (p < 0.0001), except for 0%
ethanol and 50% ethanol FAP extracts, which showed no statistically significant differences
(p > 0.05). No substantial differences in flavonoids or ortho-diphenols were observed when
varying the percentage of ethanol in the maceration solvent for both matrices examined.

Spearmint SDR extracts contained higher quantities of polyphenols, flavonoids and
ortho-diphenols than the FAP extracts. The only exception was the 100% ethanol extract,
which showed no difference in the TPC between the two plant matrices examined. The
highest SDR/FAP ratios for polyphenols and flavonoids were measured in the 0% ethanol
extract, with 2.79 and 8.20, respectively. The greatest ortho-diphenols value was observed
in the 100% ethanol extract (SDR/FAP ratio = 8.89) (Table S1).

While the 100% ethanol extracts provided the lowest polyphenol yields under our
operating conditions, Saha et al. (2022) reported opposite results for M. arvensis fresh
plant and distillation residues [33]. In this study, the biomasses were subjected to Soxhlet
extraction in several polar solvents, both pure and containing a percentage of water. The
extracts prepared with pure water contained the lowest quantity of polyphenols with
13 and 7.9 mg GAE/g for the fresh plant and distillation residues, respectively. Further-
more, the fresh plant extracts contained more bioactive compounds than the distillation
residues, which contradicts our findings. Berktas and Cam (2021) analyzed the phenolic and
flavonoid content of extracts prepared from different peppermint leaf (M. piperita) distilla-
tion residues [34]. The spent distillation residues were extracted using a Soxhlet apparatus
with ethanol as the solvent, and the extracts contained an average of 2.30 mg GAE/g DM
of polyphenols and 2.27 mg CE/g DM of flavonoids [34]. A deep comparison of the above
data with that in the present study would be of little use, as the mint species analyzed and
the extraction techniques used were different. Furthermore, different outcomes may indi-
cate a different composition in terms of polyphenol species. Nevertheless, the published
results demonstrate the growing interest among many scientific groups in the potential use
of these currently under-exploited residues.

3.2.3. Lemon Balm

The TPC in the lemon balm extracts varied from 0.58 &= 0.00 to 14.15 + 0.11 mg GAE/g
DM in FAP, and from 0.64 4= 0.02 to 7.11 £ 0.11 mg GAE/g DM in SDR, showing statistically
significant differences (p < 0.0001) (Figure 3A). The TFC was higher in the SDR extracts
than in the FAP ones with values ranging from 0.62 = 0.08 to 2.55 & 0.06 mg CE/g DM in
the residues, and from 0.11 4 0.01 to 2.34 & 0.14 mg CE/g DM in the fresh plant (Figure 3B).
The content of phenolic compounds, flavonoids, and ortho-diphenols decreased as the
percentage of water in the maceration solvent decreased, except for ortho-diphenols in
the SDR extracts. In these samples, the TDC increased with increasing ethanol content,
reaching a maximum value of 10.56 + 0.26 mg CAE/g DM in 100% ethanol (Figure 3C).
These results confirm that the type of solvent used in the maceration process affected the
quantity of molecules extracted, with statistically significant differences observed in most
cases (p < 0.001).

Unlike lavender and spearmint, the TPC of lemon balm extracts was higher in FAP
than in SDR, with an SDR/FAP ratio of 1 or less. An increase in the ortho-diphenol SDR/FAP
ratio was observed from 0% ethanol to 100% ethanol, and a similar, albeit less pronounced,
trend was observed for flavonoids (Table S1).

Stini et al. (2024) prepared a polyphenol-rich aqueous extract from M. officinalis
distillation residues using a fixed-bed semi-batch extractor [35]. The solvents used to
produce polyphenol-rich formulations with high antioxidant power were acetone and
water. Water was highly effective, producing an extract containing 111 + 8§ mg GAE/g DM,
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compared to acetone extract, which contained 2.3 + 0.2 mg GAE/g DM [35]. This confirms
our results, which showed that water was the most effective extraction solvent. However,
it was not possible to confirm our data for fresh M. officinalis, since the authors did not
explore this type of matrix.

Another interesting study examined the antibacterial and antifungal properties of a
70% ethanol SDR extract for use as a bread preservative. This study reported total phenol
and flavonoid contents of 12.74 £ 0.36 mg GAE/g DM and 5.96 & 0.18 mg QE/g DM,
respectively [36].

These values were higher than those obtained in our study with 75% ethanol, but
the extraction processes were different. Although this study lacks a comparison with the
fresh plant, it demonstrates the growing interest in utilizing distillation residues, which are
currently under-exploited, for general applications.

The overall results suggest that the extracts obtained from the aromatic residues of
lavender and spearmint contained a higher quantity of bioactive molecules than the fresh
plants. It is probable that the distillation process altered the structure of the biomass,
making it more accessible for the subsequent phenolic extraction. Conversely, the results of
lemon balm indicated that the distillation process made extraction of phenolic compounds
from the plant more difficult or depleted them. Steam distillation can be considered a
pretreatment that, in some cases, weakens the plant matrix and facilitates the penetration
of the extraction solvent into the biomass. This is similar to the pretreatments required for
lignocellulosic biomasses to promote enzymatic degradation of cellulose and hemicelluloses
into fermentable sugars for the production of second-generation biofuels [37].

3.3. Identification and Semi-Quantitative Analyses of Phenolic Compounds

The separation, identification and quantification of phenolic compounds in the laven-
der, spearmint and lemon balm FAP and SDR extracts were carried out by UHPLC-ESI-
LIT/MS", UHPLC-DAD and HPLC-DAD analyses. As an example, a UHPLC-DAD
chromatogram of phenolic compounds present in 50% ethanol SDR extracts of lavender,
spearmint and lemon balm is shown in Figure 4A-C. The performed analyses led us
to tentatively identify a total of 27, 37, and 20 compounds in lavender, spearmint and
lemon balm, respectively, based on their pseudomolecular [M-H] ™ ions, together with the
interpretation of their collision-induced dissociation (CID) fragments. When authentic
standards were available, identification was conducted by comparing retention times and
MS" fragmentation spectra with those of standards.

3.3.1. Lavander

The various families of phenolic compounds detected in lavender were consistent
with those reported by several previous studies. These included flavonoids such as luteolin
(peak 21) and apigenin (peak 24), as well as hydroxycinnamic acids such as coumaric
(peaks 11, 13 and 16) and ferulic (peak 14) [38]. Tables 1 and 2 show the list of compounds
identified in the FAP and SDR extracts, along with their quantification. Figure 4A shows
the UHPLC-DAD chromatogram recorded at 280 nm of the phenolic compounds detected
in the 50% ethanol SDR extract. The number of compounds identified in the FAP extracts
decreased from 18 to 9 as the percentage of ethanol in the extraction solvent increased.
This trend was not observed in the SDR extracts, and except for the 0% ethanol extract, the
number of identified compounds was higher than that of the corresponding FAP extracts.
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Table 1. List of major compounds tentatively identified by UHPLC- ESI-LIT/MS" in lavender (Lavandula angustifolia Mill. cv. Maillette) extracts from FAP and SDR.
Specific quasi-molecular ions and fragment ions are reported for each compound.

[ | gn FAP SDR
M-H]— MS" Ions
Peak RT Tentative Assi t ° ° 9
miz miz entative Assignmen OEA’ 5%" 75%E  100% E OEA’ 50%E 75%E  100% E
13.55 191 MS? [191]: 173,111 Quinic acid + - - ; - - - -
2 15.21 175 MS? [175]: 157,115 Ascorbic acid - - - - + + + +
Danshensu
3 27.15 197 MS? [197]: 179, 153, 135 (3-(3,4-Dihydroxyphenyl) - - - - + + + +

lactic acid)

MS? [487]: 389, 221,
4 35.11 487 179, 163 Coumaric acid di-hexose + + + - - + -
MS3 [163]: 119

Coumaric acid hexoside

5 39.60 325 MS? [325]: 163, 119 . + + + + + + + +
isomer 1

6 44.91 355 MS? [355]: 193, 149 Ferulic acid hexoside + + + + + + + +
isomer 1

7 45.80 179 MS2? [179]: 135 Caffeic acid - + - - + + - +

2 . . . .

8 4974 325 MS~ [325]: 265, 205, Coumar.lc acid hexoside N N . . N N N .

163,119 isomer 2

MS? [357]: 195

9 50.47 357 MS? [195]: 177, 151 Sweroside + + + - + + + +
10 54.67 355 MS? [355]: 193, 149 Ferulic acid hexoside + + + + + + + +
isomer 2
11 56.28 163 MS? [163]: 119 p-Coumaric acid + + + - + + + +
MS? [447]: 285
447 MS?3 [285]: 241, 217, 199, Luteolin hexoside - + - - + + + +
175,151, 107
12 57.83 ’ é
MS? [463]: 301
463 MS3 [301]: 273, 257, 193, Quercetin hexoside - + - - + + + +
179, 151, 107
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[ ] MS T FAP SDR
M-H]~ ons
Peak RT Tentative Assignment % % A
mlz mlz v 8 OE/ 5(])5/ 75% E 100% E OE/ 50% E 75% E 100% E
13 58.30 163 MS? [163]: 119 m-Coumaric acid + - + - - - - -
14 59.27 193 MS? [193]: 178, 149, 134 Ferulic acid + - + - - - - -
MS? [165]: 147, 121
15 64.04 165 MS? [147]: 119 Dihydro-p-coumaric acid + + + + + + + +
MS3 [121]: 106
16 68.50 163 MS? [163]: 119 o-Coumaric acid + + + + + + + +
17 70.79 359 MS? [359]: 223, 179,161 Rosmarinic acid + - - - + + + +
18 71.15 193 MS? [193]: 149 Isoferulic acid + - - - - - - -
MS? [597]: 579, 553, 509,
597 491, 355, 329, 311, 267, Yunnaneic acid F - - - - - + - -
197,179
6-(3-(1-carboxy-2-(3,4-
dihydroxyphenyl)
ethoxy)-
S MS? [539]: 495,359,315,  3-oxoprop-l-en-l-yl)}-3- ) ) ) ] . ] ]
297,279,271,197,179,161  (3,4-dihydroxyphenyl)-8-
hydroxy-7-oxobicyclo
[2.2.2] oct-5-ene-2-
carboxylic acid
461 MS? [461]: 285 Luteolin hexuronide 1 - - - - - + - -
2 .
MS- [489]: 471, 327, 311, 3-Hydroxy-3 4’ 5'-
20 72.58 489 391, 309, 291, 229, 211, 171 Trimethoxyflavone + + + + - + - -
’ MS? [327]: 309, 291, 229, hexos}; de
211,171
MS? [285]: 241, 217, 199, .
21 74.94 285 175, 151, 107 Luteolin + + + - + + + +
22 76.95 493 MS? [327]: 313, 295 Salvianolic acid A - - - - + + + +
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Table 1. Cont.

[ | MS™ I FAP SDR
M-H]~ ons
Peak RT Tentative Assignment % % A
miz miz veAssig O % gs%e  100%E  °P S0%E  75%E  100%E
MS? [327]: 309, 291, 229, 3-Hydroxy-3',4',5'-
23 77.13 327 211, 171 trimethoxyflavone * * + + B B B B
24 78.35 269 MS? [269]: 225, 151, 149 Apigenin + + + + - + + +
Number of compounds detected in the individual extracts 18 16 15 9 16 22 16 17

RT = Retention Time; FAP = Fresh Aromatic Plant; SDR = Steam Distillation Residues; E = Ethanol; + = detected; - = not detected.

Table 2. Quantification of main phenolic compounds identified in lavender (Lavandula angustifolia Mill. cv. Maillette) extracts from FAP and SDR.

Identified Compound FAP SDR
(ug Equivalent/g DM) 0% E 50% E 75% E 100% E 0% E 50% E 75% E 100% E
¢ Danshensu
(3-(3/4-Dihydroxyphenyl) n.d. n.d. n.d. n.d. 428.09 £+ 5.89 294.95 + 4.00 228.45 +1.20 343 +0.11
lactic acid)
a8 Coumaric acid di-hexose 17.64 £ 4.06 1794 +£9.18 15.16 £ 0.36 n.d. n.d. n.m. n.d. n.d.

a8 Coumaric acid

L. 1141.96 + 250.60 1368.77 £ 71.75 1128.41 £+ 13.22 131.15 +4.57 2347.51 + 34.07 2564.61 + 43.45 2327.01 4+ 5.93 148.01 4+ 0.03
hexoside isomer 1

b Ferulic acid
hexoside isomer 1

¢ Caffeic acid n.d. 19.57 £ 2.25 n.d. n.d. 16.37 £ 2.16 15.68 + 10.65 n.d. n.m.

a8 Coumaric acid
hexoside isomer 2

1505.33 £ 366.27 1712.59 £ 88.11 1342.82 £+ 41.57 170.60 £ 15.85 3497.47 + 51.96 3829.02 £ 25.60 3600.67 &+ 54.57 77.83 £6.11

931.38 £ 216.64 1127.16 £ 54.96 974.94 £+ 11.46 90.08 £ 3.35 617.95 £ 7.20 681.19 £ 12.11 654.54 £+ 2.95 37.00 £ 0.07

b Ferulic acid
hexoside isomer 2

ap-Coumaric acid 50.53 = 11.56 63.88 £1.10 4543 +0.14 nd. 78.96 = 1.63 94.89 £1.11 84.20 = 1.99 n.m.

1393.95 £ 329.32 1772.73 £ 88.02 1555.82 £ 18.44 148.27 £ 9.06 1057.01 £ 6.54 1243.87 £ 33.19 1184.39 £2.95 73.08 £ 0.61

& Luteolin hexoside

. . n.d. 4241 +£2.83* n.d. n.d. 172.58 +7.56 * 466.66 £ 6.63 * 44399 £ 1.10* 1598 £ 2.71 %
& Quercetin hexoside
am-Coumaric acid 26.56 & 6.30 n.d. n.m. n.d. n.d. n.d. n.d. n.d.
b Ferulic acid 30.30 £ 7.71 n.d. n.m. n.d. n.d. n.d. n.d. n.d.
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Table 2. Cont.
Identified Compound FAP SDR
(ug Equivalent/g DM) 0% E 50% E 75% E 100% E 0% E 50% E 75% E 100% E
@ Dihydro-p-Coumaric acid 59.22 +13.14 63.41 £ 4.08 48.11 + 0.03 20.22 +0.45 10.54 £+ 3.29 80.94 4+ 1.48 61.54 £ 5.61 7.21 £ 0.12
dy-Coumaric acid 140.95 £ 31.52 94.88 + 3.82 83.78 £ 3.60 30.09 £ 1.10 16.12 £ 2.72 7854 + 6.13 38.09 4+ 15.97 n.m.
€ Rosmarinic acid 201.24 +43.72 n.d. n.d. n.d. 29443 +£7.61 628.76 + 70.51 646.58 + 13.69 236.80 £ 3.67
b Isoferulic acid 71.01 4+ 16.37 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Yunnaneic acid F
6-(3-(1-carboxy-2-(3,4-
dihydroxyphenyl) ethoxy)-
3-oxoprop-1-en-1-yl)-3- n.d. n.d. n.d. n.d. n.d. n.m. n.d. n.d.
(3,4-dihydroxyphenyl)-8- n.d. n.d. n.d. n.d. nd. n.m. n.d. n.d.
hydroxy-7-oxobicyclo n.d. n.d. n.d. n.d. n.d. n.m. n.d. n.d.
[2.2.2] oct-5-ene-2-
carboxylic acid
Luteolin hexuronide 1
f 3-Hydr0xy-3/,4',5’- 13,070.12 + 22,174.02 + 23,194.35 + 15,884.89 + nd m nd nd
Trimethoxyflavone hexoside 3015.01 387.85 268.34 985.30 e o e o
& Luteolin 7.71 £1.18 31.92 £ 0.25 28.83 +0.43 n.d. 38.16 = 7.59 697.75 + 15.16 769.62 + 27.97 155.28 +10.19
€ Salvianolic acid A n.d. n.d. n.d. n.d. 27992 + 17.52 849.51 + 100.30 872.10 + 86.47 305.71 £3.38
g 1. 2l g4l 5/_
3-Hydroxy-3'4'5 115518 £279.33  2784.46 £51.63 291227 +£55.08  1972.58 & 116.29 n.d. n.d. n.d. n.d.
trimethoxyflavone
& Apigenin 18.03 + 4.47 302.34 +£9.74 287.35 £ 6.78 161.79 4+ 10.32 n.d. 86.26 4+ 3.01 119.88 4+ 17.55 47.29 +1.96

n.m. = not measurable; n.d. = not detected; * = compounds quantified using p-coumaric acid as reference; b_ compounds quantified using ferulic acid as reference; © = compounds
quantified using caffeic acid as reference; ¢ = compounds quantified using o-coumaric acid as reference; ® = compounds quantified using rosmarinic acid as reference; f = compound

quantified using rutin (quercetin-3-O-rutinoside) as reference; & = compounds quantified using quercetin as reference; FAP = Fresh Aromatic Plant; SDR = Steam Distillation Residues;
E = Ethanol. * co-elution of quercetin hexoside and luteolin hexoside.

https://doi.org/10.3390/agronomy16131240


https://doi.org/10.3390/agronomy16131240

Agronomy 2026, 16, 1240

16 of 34

As expected, the qualitative and quantitative phenolic composition differed. Some
molecules were only present in one extract. For example, isoferulic acid (peak 18) was
identified in the 0% ethanol FAP extract. Yunnaneic acid F, luteolin hexuronide 1, and
6-(3-(1-carboxy-2-(3,4-dihydroxyphenyl) ethoxy)-3-oxoprop-1-en-1-yl)-3-(3,4-dihydroxy
phenyl)-8-hydroxy-7-oxobicyclo [2.2.2] oct-5-ene-2-carboxylic acid (all co-eluted in peak
19) were detected in the 50% ethanol SDR extract. Other distinctive phenolic compounds
were present in the FAP extracts, including m-coumaric acid (peak 13), ferulic acid (peak
14) and 3-hydroxy-3' 4’,5'-trimethoxyflavone (peak 23). Rosmarinic acid (peak 17), which is
chemically known as the ester of caffeic acid and 3,4-dihydroxyphenyl lactic acid and is
described as one of the main hydroxycinnamic acids of the Lavandula genus, was found in
high amounts in the 0% ethanol FAP extracts and all the SDR samples. This confirms its
abundance in this genus [38].

Interestingly, danshensu (peak 3) and salvianolic acid A (peak 22) were only identified
in the SDR extracts (Tables 1 and 2). This acid belongs to a group of compounds known as
salvianolic acids, which are mainly present in Salvia miltiorrhiza (Danshen). Over 10 different
salvianolic acids have been identified, with salvianolic acid A consisting of one molecule
of danshensu (3,4-dihydroxyphenyl lactic acid or salvianic acid A) and two molecules of
caffeic acid [39]. Several salvianolic acids have been reported in some Lavandula species. For
example, salvianolic acid B has been found in the flowers and aerial parts of L. pedunculata
and L. stoechas, respectively, while salvianolic acids C and G have been detected in the
aerial parts of L. coronopifolia [38]. Salvianolic acid A has been identified in aqueous and
hydromethanolic extracts of L. stoechas [40], and Truzzi et al. (2025) have reported on
the phenolic composition of SDR extracts from L. angustifolia prepared by sonication in
either 70% ethanol or natural deep eutectic solvents (NADESs) [41]. While danshensu was
detected in the extracts, thus confirming our results, salvianolic acid A was absent [41]. To
the best of our knowledge, this is the first time that the presence of salvianolic acid A in L.
angustifolia has been described.

3.3.2. Spearmint

Analysis of the FAP and SDR spearmint extracts revealed the presence of numerous
polyphenols typical of the Mentha genus, although they were differently distributed across
the various samples. The identified compounds, along with their quantification, are shown
in Tables 3 and 4. The UHPLC-DAD chromatogram of the phenolic compounds detected in
the 50% ethanol SDR extract, recorded at 280 nm, is shown in Figure 4B. As the percentage of
water in the extraction solvent decreased, no decrease in the number of molecules identified
in the spearmint FAP extracts was observed, while the number of compounds identified in
the SDR extracts was always lower than in the corresponding fresh plant extracts.

The following hydroxycinnamic acids were only identified in the SDR extracts: ferulic
acid hexoside isomer 1 (peak 9a), caffeic acid (peak 11a), coumaric acid hexoside isomer 2
(peak 12a), ferulic acid hexoside isomer 2 (peak 14a) and dihydro-p-coumaric acid (peak
23a). In contrast, hydroxycinnamic acids were detected in both FAP and SDR samples
of lavender extracts. These findings suggest that the presence of certain molecules in an
extract depends not only on the chemical properties and polarity of the extraction solvent,
but also on the type of plant. Indeed, extracting hydroxycinnamic acids from spearmint
required weakening of the plant matrix, achieved through steam distillation.

https://doi.org/10.3390/agronomy16131240


https://doi.org/10.3390/agronomy16131240

Agronomy 2026, 16, 1240 17 of 34

Table 3. List of major compounds tentatively identified by UHPLC-ESI-LIT/MS" in spearmint (Mentha spicata L.) extracts from FAP and SDR. Specific quasi-molecular
ions and fragment ions are reported for each compound.

MS?3 [287]: 269, 151, 135

(Eriocitrin)

(M-H]- MSP 1 FAP SDR
- ons . . o, o, o,
Peak RT il iz Tentative Assignment 0% 5(])3 Yo 75% E 100% E OE/o 50% E 75% E 100% E
2 .
la 9.19 149 MS*”[149]: 131, 119, 103, 87, Tartaric acid - +
73,59
2a 9.27 133 MS? [133]: 115, 89, 87, 73 Malic acid + -
3a 13.30 191 MS? [191]: 173, 111 Quinic acid + +
Danshensu
4a 2791 197 MS? [197]: 179, 153, 135 (3-(3,4-Dihydroxyphenyl) - +
lactic acid)
5a 31.45 153 MS? [153]: 109 Protocatechuic acid + +
6a 39.34 325 MS? [325]: 163, 119 Coumaric acid hexoside + +
isomer 1
MS? [595]: 577, 505, 475, 415,
385, 355 s
7a 4111 595 MS? [475]: 457, 385, 355 5’7’46 "grglycdrcizifcl):ﬁ?one + +
MS? [385]: 367, 355, 341, 325, ’ &
313, 278, 265, 239, 197
8a 4427 387 MS? [387]: 369, 207, 163 Medioresinol + -
9a 4441 355 MS? [355]: 193, 149 Ferulic acid hexoside - -
isomer 1
MS? [593]: 575, 503, 473, 455,
383, 353 Apigenin 6,8-di-C-glucoside
10a 44.62 593 MS? [473]: 383, 353 (Vicenin-2) * *
MS? [383]: 365, 355, 337, 311
11a 45.66 179 MS? [179]: 135 Caffeic acid - +
12a 49.16 325 MS? [325]: 265, 205, 163, 119 Coumaric acid hexoside - -
isomer 2
MS? [595]: 433, 287 . .
13a 53.98 595 MS3 [433]: 403, 373 Eriodictyol 7-O-rutinoside + ;
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Table 3. Cont.

[M-H]~ MS™ Ions FAP SDR
Peal RT miz miz Tentative Assignment OE/ ° 5(1’5" 75%E  100% E OE/ ° 50%E  75%E  100%E
14a 54.00 355 MS? [355]: 193, 149 Ferulic acid hexoside - - - - - 4 N +
isomer 2
MS? [593]: 285
15a 54.95 593 MS? [285]: 241, 217, 199, 175, Luteolin-O-rutinoside + + + + - + -
151, 107
16a 55.77 163 MS? [163]: 119 p-Coumaric acid + + + - + + + -
MS? [447]: 285
17a 57.44 447 MS?3 [285]: 241, 217, 199, 175, Luteolin hexoside - + + - - + n +
151, 107
MS? [579]: 417, 271 Naringenin-7-rutinoside
18 2989 579 MS? [271]: 177, 165, 151 (Narirutin) - * * - - * *
MS? [577]: 269 L L
19a 60.15 577 MS? [269]: 225, 151 Apigenin-7-O-rutinoside - + + - - + - -
20a 60.53 521 MS? [521]: 503, 359, 341, 323 Rosmarinic acid hexoside - - - - - + + +
21a 61.99 607 MS? [607]: 299, 284 Diosmetin-7-O-rutinoside - + + N - N + +
(Diosmin)
MS? [609]: 301
22a 62.74 609 MS3 [301]: 286, 283, 257, 242, Hesperidin - + - - - B, B} .
199, 151, 125
MS? [165]: 147, 121
23a 63.00 165 MS? [147]: 119 Dihydro-p-Coumaric acid - - - - + + + -
MS® [121]: 106
24a 70.23 359 MS? [359]: 223, 179,161 Rosmarinic acid - - - - - + " +
653 MS? [653]: 491, 329 Tricin di-O-glucoside + + + + - - - -
305 MS? [305]: 225, 97 Tuberonic acid sulphate + + + + - - - -
25a 72.26 MS? [489]: 471, 327, 311, 391, P
489 309, 291, 229, 211, 171 3-Hydroxy-3'4"5"- + + + + - . . .

MS? [327]: 309, 291, 229, 211, 171 Trimethoxyflavone hexoside
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Table 3. Cont.

[M-H]— MS™" Ions FAP SDR
Peak KT mlz mlz Tentative Assignment 0% e 7sw%E  100%E % S0%E  75%E  100%E
2 .
26a 74.70 285 MS® [285]: 241, 217,199, 175, Luteolin + + + + + + - -
151, 107
27a 75.68 305 MS? [305]: 225, 97 Tuberonic acid sulphate + + + + + + + +
28a 76.66 461 MS? [461]: 285 Luteolin hexuronide 2 - - - - - + + +
MS? [329]: 311, 293, 229, 211
329 MS? [311]: 293, 211, 185 Tricin + + + + - + + +
29a 77.95 MS?3 [293]: 275, 249, 203, 185, 163
MS?3 [229]: 211, 209, 155, 125
269 MS? [269]: 225, 151, 149 Apigenin + + + + - + + +
30a 78.32 271 MS? [271]: 177, 151, 119, 107, 93 Naringenin + + + + - - - -
MS? [299]: 284 .
3la 78.86 299 MS? [284] 256 Chrysoeriol + + + + - - - -
MS? [301]: 286, 283, 257, 242, .
32a 79.46 301 199, 125 Hesperetin + + + + - + _ _
287 MS? [287]: 269 Eriodictyol + + + + + + + -
MS? [359]: 344, 329 :
33a 82.09 359 MS? [344]: 329 Thymonin + + + + - - - -
2 .
34a 94.50 283 MS_[283]: 268 Acacetin N + 4 + - " - N

MS? [268]: 240
Number of compounds detected in the individual extracts 19 28 24 16 13 27 20 14

RT = Retention Time; FAP = Fresh Aromatic Plant; SDR = Steam Distillation Residues; E = Ethanol; + = detected; - = not detected.
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Table 4. Quantification of main phenolic compounds identified in spearmint (Mentha spicata L.) extracts from FAP and SDR.
Identified Compound FAP SDR
(ug Equivalent/g DM) 0% E 50% E 75% E 100% E 0% E 50% E 75% E 100% E
a Danshensu
(3-(3,4-Dihydroxyphenyl) nd. n.d. n.d. n.d. 174.28 £ 5.24 26.75 + 0.08 18.00 £ 2.82 n.d.
lactic acid)
b Protocatechuic acid 287.04 + 3.50 429.95 4 3.25 360.01 + 7.75 14.19 + 5.50 403.10 + 16.62 255.58 + 0.22 258.41 + 2.27 1821 + 1.39
. — :
Coumair;griccfflhexos‘de nd. 11.38 + 0.03 8.28 +0.23 nd. 12.36 + 1.18 44.53 4 0.09 31.63 + 0.97 nd.
d I _Tys
574 -Trihydroxyflavanone 49.77 +0.26 30.58 = 0.60 29.29 + 1.16 n.d. 17229 +0.23 n.m. n.d. n.d.
6,8-di-C-glucoside
d . . _1: .
Apigenin 6,8-di-C-glucoside 18.59 + 0.19 55.17 + 1.13 51.20 + 1.15 nd. nm. 23030 +£1.13* 17278 + 1.62* 7.99 + 3.74 *
(Vicenin-2)
a Caffeic acid n.d. n.d. n.d. n.d. n.m. 5.38 4+ 0.06 290 £+ 0.28 0.44 +0.07
. —
Coumaric acid nd. nd. nd. nd. nd. 15.50 + 0.02 14.69 + 0.55 n.d.
hexoside 2
d . . _ _ . .
Eriodictyol 7-O-rutinoside nd. 24.68 +2.11 10.10 =+ 0.55 nd. nd. nd. nd. nd.
(Eriocitrin)
. —
Ferulic acid nd. nd. nd. nd. nd. 23.67 + 0.27 19.24 + 1.97 nm.
hexoside isomer 2
d Luteolin-O-rutinoside 17.14 + 0.04 17233 + 0.56 136.58 + 4.34 nm. nd. nm. nd. nd.
¢p-Coumaric acid 10.13 + 0.88 2.99 +0.27 2.77 +0.37 nd. 528 + 1.87 8.53 + 0.05 4.89 + 0.48 nd.
d Luteolin hexoside n.d. 15.58 + 0.30 19.17 + 2.93 nd. nd. 25.83 + 3.31 16.31 + 0.43 nm.
d . s . .
Naringenin-7-rutinoside n.d. 93.91 + 1.75 61.61 + 6.63 n.d. n.d. 11.92 4 0.16 4.66 + 0.56 n.d.
(Narirutin)
d Apigenin-7-O-rutinoside n.d. 52.81 +£0.43 42.63 £+ 3.60 n.d. n.d. n.m. n.d. n.d.
f Rosmarinic acid hexoside n.d. n.d. n.d. n.d. n.d. 7.75 £ 0.80 12.85 + 1.39 n.m.
d . s _ . .
Diosmetin-7-O-rutinoside nd. 146.94 4+ 14.23 185.42 4 18.54 28.95 + 1.09 nd. 11.05 + 0.08 4.36 + 1.08 n.m.
(Diosmin)
d Hesperidin n.d. 260.28 £ 4.09 n.d. n.d. n.d. n.d. n.d. n.d.
¢ Dihydro-p-Coumaric acid nd. n.d. n.d. n.d. 7.68 £+ 0.09 4.12 £ 0.05 598 £0.16 nd.
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Table 4. Cont.
Identified Compound FAP SDR
(ug Equivalent/g DM) 0% E 50% E 75% E 100% E 0% E 50% E 75% E 100% E
f Rosmarinic acid n.d. n.d. n.d. n.d. n.d. 697.47 + 13.06 461.37 £ 15.41 171.25 4+ 0.03
Tricin di-O-glucoside n.m. n.m. n.m. n.m. n.d. n.d. n.d. n.d.
Tuberonic acid sulphate nm. nm. n.m. n.m. n.d. n.d. n.d. n.d.
3-Hydroxy-3' 4/ 5'-
Trimethoxyflavone hexoside n.m. n.m. n.m. n.m. n.d. n.d. n.d. n.d.
d Luteolin 10.76 £ 0.63 90.73 £ 19.15 92.03 £+ 21.17 12.87 +1.58 8.91 +0.37 10.01 4+ 0.29 n.d. n.d.
d Luteolin hexuronide 2 n.d. n.d. n.d. n.d. n.d. 34.10 +=1.92 19.38 £+ 2.46 n.m.
d o e
d A;;Ein 18.40 £ 0.40 ** 219.63 £ 4.08 ** 273.20 £ 26.16 ** 259.68 £+ 7.16 ** n.d. 56.46 + 0.55 ** 47.63 + 0.86 ** 25.65 + 0.45 **
d Naringenin 16.62 + 0.33 143.11 + 0.32 112.20 + 34.05 n.m. n.d. n.d. n.d. n.d.
d Chrysoeriol n.m. 107.00 4+ 1.93 139.69 + 3.36 23.94 +0.74 n.d. n.d. n.d. n.d.
d .
Hesperetin x et - et n.d. 16.36 4+ 0.21 n.d. n.d.
d Eriodictyol 23.64 4 046 144.55 +2.00 153.61 +3.14 2278 +0.70 6.11 +0.84 37.43 +0.14 17.12 £+ 0.63 n.d.
d Thymonin n.m. 345.25 + 5.46 354.86 £ 13.44 299.02 + 7.36 n.d. n.d. n.d. n.d.
d Acacetin n.m. 126.00 + 0.88 147.01 £9.73 104.67 + 2.04 n.d. 8.93 + 0.83 n.d. n.m.

n.m. = not measurable; n.d. = not detected; # = compounds quantified using caffeic acid as reference; b compounds quantified using protocatechuic acid as reference; ¢ = compounds
quantified using p-coumaric acid as reference; ¢ = compounds quantified using quercetin as reference; ¢ = compounds quantified using ferulic acid as reference; f = compounds quantified

using rosmarinic acid as reference. FAP = Fresh Aromatic Plant; SDR = Steam Distillation Residues; E = Ethanol. * co-eluted with ferulic acid hexoside isomer 1. ** co-elution of tricin and
apigenin. *** co-elution of hesperetin and eriodictyol.
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The SDR extracts were characterized by other phenolic compounds, including dan-
shensu (peak 4a), rosmarinic acid hexoside (peak 20a), rosmarinic acid (peak 24a), and
luteolin hexuronide 2 (peak 28a). Their presence was consistent with the results of Kapp
et al. (2020), who identified them in extracts obtained from M. spicata residues after EO
production [42]. Rosmarinic acid (peak 24a) was the most abundant hydroxycinnamic
acid detected in our SDR extracts. Janicsdk et al. (1999) identified it in fresh M. spicata
leaves after sonication extraction with 60% methanol, and Wang et al. (2004) identified
it after sonication extraction with 30% ethanol [43,44]. The absence of rosmarinic acid
in the FAP extracts in the present study may be due to the different extraction method
employed. Medioresinol (peak 8a) and hesperidin (peak 22a) were only detected in the 50%
ethanol FAP extract; eriocitrin (peak 13a) was detected in both the 50% and 75% ethanol
FAP extracts, and the flavonoids naringenin (peak 30a), chrysoeriol (peak 31a), and thy-
monin (peak 33a) were detected in all the FAP extracts. Thymonin was the most abundant
flavonoid in the 50%, 75% and 100% ethanol FAP extracts.

3.3.3. Lemon Balm

The polyphenols detected in the FAP and SDR lemon balm extracts were almost
identical. The only differences were the presence of coumaric acid hexoside isomer 1
(peak 7b) in the FAP extracts and the presence of dihydro-p-coumaric acid (peak 15b) and
eriodictyol (peak 19b) in the SDR extracts. All other identified compounds were present in
the extracts of both plant matrices. A full list of all the detected compounds is provided
in Table 5, along with their quantification in Table 6. Figure 4C shows the UHPLC-DAD
chromatogram recorded at 280 nm of the phenolic compounds present in the 50% ethanol
SDR extract.

As the percentage of ethanol in the maceration solvent increased, the number of
compounds detected in the FAP extracts decreased from 18 to 7, a trend also observed in
lavender FAP extracts. The number of compounds identified in 0%, 50% and 75% ethanol
SDR extracts was 16, 17 and 16, respectively. Unexpectedly, only two compounds were
detected in 100% ethanol SDR extract: vicenin-2 (peak 9b) and rosmarinic acid (peak 16b).

The latter was identified in all the extracts from both the FAP and the SDR, and
its presence in distillation solid waste was described by other authors. Vasileva et al.
(2018) attested that rosmarinic acid was the most abundant phenolic compound in lemon
balm waste extract prepared by sonication with 70% ethanol, with a concentration of
4.40 £ 0.39 mg/g DM [36].

Many of the compounds present in our extracts were consistent with the results of
a previous analysis by Truzzi et al. (2025), in which danshensu, coumaric acid hexoside
isomer 1, quercetin hexoside, rosmarinic acid hexoside and rosmarinic acid were identified
in an extract obtained from lemon balm distillation solid residues by sonication in 70%
ethanol [41]. Rosmarinic acid was also the most abundant phenolic compound in this case.

3.4. Antioxidant Activity

The mechanism of action of antioxidant compounds can be classified as SET (single
electron transfer), whereby the antioxidant transfers one electron to the acceptor, or HAT
(hydrogen atom transfer), and the antioxidant donates a hydrogen ion to the acceptor. In
both cases, the result is the inactivation of the radical species and the prevention of the
propagation of the radical chain reaction [45].

The antioxidant power of an extract depends on the blend of bioactive compounds
contained within its phytochemical complex, which can act through different mechanisms.
Consequently, an extract may show poor antioxidant activity when tested using one method
but significant using a different method.
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Table 5. List of tentative major compounds identified by UHPLC- ESI-LIT/MS" in lemon balm (Melissa officinalis L.) extracts from FAP and SDR. Specific

quasi-molecular ions and fragment ions are reported for each compound.

FAP SDR
[M-H]~ MS" Ions . . o o o
Peak  RT mlz mlz Tentative Assignment 0% 59%  75%E 100%E %"  S0%E 75%E  100%E
2 .
1b 9.19 149 MS” [149]: 131, 119, 103, 87, Tartaric acid + - - - - - - -
73,59
2b 9.93 133 MS? [133]: 115, 89, 87, 73 Malic acid + - - - - + - -
3b 13.70 191 MS? [191]: 173, 111 Quinic acid + + + + - - - -
Danshensu
4b 28.06 197 MS? [197]: 179, 153, 135 (3-(3,4-Dihydroxyphenyl) + + - - + + + -
lactic acid)
5b 31.60 153 MS? [153]: 109 Protocatechuic acid + + + + + + + -
6b 39.12 137 MS? [137]: 93 p-Hydroxybenzoic acid + + + + + + + -
7o 3981 325 MS$? [325]: 163, 119 Coumaric acid hexoside + + + - - - -
isomer 1
MS? [595]: 577, 505, 475, 415,
385, 355 5,7 4'-

8b 41.25 595 MS?3 [475]: 457, 385, 355 Trihydroxyflavanone + - - - + + + -

MS? [385]: 367, 355, 341, 325, 6,8-di-C-glucoside

313, 278, 265, 239, 197
MS? [593]: 575, 503, 473, 455, Abicen
383, 353 68 P(’:lgimn .

9b 44.81 593 MS? [473]: 383, 353 , -( \ll_ice-rglilrf;)m e + + + + + + + +

MS? [383]: 365, 355, 337, 311
10b 46.04 179 MS? [179]: 135 Caffeic acid + + + + + + + -
11b 56.00 163 MS? [163]: 119 p-Coumaric acid + + + - + + + -
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FAP SDR
[M-H]~ MS™" Ions . . o o 0
Peak RT iz il Tentative Assignment OE/o 5(])£A) 75%E  100% E OEA) 50%E 75%E  100% E
MS? [463]: 301
3 . ; : - -
19b 5712 463 MS® [301]: 273, 257,193, 179, Quercetin hexoside + + + + + +
151, 107
MS? [447]: 285
447 MS3 [285]: 241,217, 199, 175, Luteolin hexoside + + + - + + + -
151, 107
13b 59.38 623 MS? [623]: 461, 447, 285 Luteolin-7-O-glucoside + + + - + + + -
3'-O-glucuronide
14b 60.95 521 MS? [521]: 503, 359, 341,323  Rosmarinic acid hexoside + + + - + + + -
MS? [165]: 147, 121
15b 63.85 165 MS3 [147]: 119 Dihydro-p-Coumaric acid - - - - + + + -
MS? [121]: 106
16b 70.65 359 MS? [359]: 223, 179,161 Rosmarinic acid + + + + + + + +
2 .
17b 74.72 285 MS* [285]: 241, 217,199,175, Luteolin + + + - + + + -
151, 107
18b 76.61 461 MS? [461]: 285 Luteolin hexuronide 2 + + + - + + + -
19b 79.44 287 MS? [287]: 269 Eriodictyol - - - - + + + -
Number of compounds detected in the individual extracts 18 15 14 7 16 17 16 2

RT = Retention Time; FAP = Fresh Aromatic Plant; SDR = Steam Distillation Residues; E = Ethanol; + = detected; - = not detected.
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Table 6. Quantification of main phenolic compounds identified in lemon balm (Melissa officinalis L.) extracts from FAP and SDR.
Identified Compound FAP SDR
(ug Equivalent/g DM) 0% E 50% E 75% E 100% E 0% E 50% E 75% E 100% E
a Danshensu
(3-(3,4-Dihydroxyphenyl) 457 +0.17 n.m. n.d. n.d. 4.80+£0.19 7.95 +0.19 1.05 £ 0.03 n.d.
lactic acid)
b Protocatechuic acid 7743 +£1.24 67.58 + 3.53 5791 £ 3.55 1.51 +0.04 51.54 +1.51 28.36 - 1.96 11.05 £ 0.15 n.d.
cp—HydroxybenZOic acid 34.56 + 0.41 21.03 +1.50 14.31 £ 0.61 n.m. 11.62 £ 0.17 11.20 £ 0.26 5.26 + 0.65 n.d.
d . .
Coumaric acid 17.86 + 0.32 9.24 + 0.69 3.93 + 0.06 n.m. n.d. n.d. n.d. n.d.
hexoside 1
e I o
574 -Trihydroxyflavanone 19.88 £ 2.89 n.d. n.d. n.d. 63.56 & 0.41 n.m n.m n.d.
6,8-di-C-glucoside
o A . o .
Apigenin 6,8-di-C-glucoside 13.05 + 3.03 97.30 + 0.02 103.92 + 13.03 3.67 £0.10 n.m. 7.25 £ 0.49 6.11 & 0.94 1.08 £ 0.02
(Vicenin-2)
a Caffeic acid 13.05 £ 0.17 20.33 + 0.78 16.51 £+ 0.66 243 +0.18 n.m. 36.32 £ 0.71 13.98 £+ 0.71 n.d.
dp-CoumariC acid 15.73 £ 0.07 5.55 + 0.55 458 + 0.31 n.d. 1.49 4+ 0.08 3.67 + 0.34 3.22 +0.01 n.d.
e ; ;
Quercetin hexoside 22.90 4 0.28 * 4525 + 574 * 34.87 4+ 0.37 * n.d. n.m. n.m. n.m. nd.
Luteolin hexoside
o . )
Luteolin-7-O-glucoside 41.49 4 0.48 1342 £ 1.17 11.91 £ 0.38 n.d. n.m. n.m. n.m. n.d.
3'-O-glucuronide
f Rosmarinic acid hexoside n.m. n.m. n.m. n.d. n.m. n.m. n.m. n.d.
d Dihydro-p-Coumaric acid n.d. n.d. n.d. n.d. 3.01 £0.14 n.m. n.m. n.d.
f Rosmarinic acid 182.37 + 0.16 608.65 + 120.89 436.33 £ 5.80 90.62 £+ 2.34 16.03 + 10.50 161.12 + 0.79 90.92 4+ 0.53 158.88 & 1.17
€ Luteolin 11.18 £2.04 n.m. n.m. n.d. 6.32 +0.44 n.m. n.m. n.d.
¢ Luteolin-glucuronide nm. n.m. n.m. n.d. 6.60 = 0.41 61.42 4 0.00 14.48 £ 0.10 n.d.
€ Eriodictyol n.d. n.d. n.d. n.d. 12.17 £ 0.93 32.19 +37.10 17.19 + 0.05 n.d.

n.m. = not measurable; n.d. = not detected; ? = compounds quantified using caffeic acid as reference; ® = compounds quantified using protocatechuic acid as reference; ¢ = compounds

quantified using p-hydroxybenzoic acid as reference; 9 = compounds quantified using p-coumaric acid as reference; ¢ = compounds quantified using quercetin as reference; f = compounds
quantified using rosmarinic acid as reference; FAP = Fresh Aromatic Plant; SDR = Steam Distillation Residues; E = Ethanol. * co-elution of quercetin hexoside and luteolin hexoside.

https://doi.org/10.3390/agronomy16131240


https://doi.org/10.3390/agronomy16131240

Agronomy 2026, 16, 1240

26 of 34

8000009
7500003
7000009 6 A
650000
600000
5500003
5000003

2uww-

gmww~
3500009
3000003
2500003
200000
150000

100000

T T T T
s 10 15 20 2 % s 40 45 50 s 80 s 70 % L L] 90 9 100
Time (min)

T T
5 10 15 20 25 0 3 4 a5 50 55 60 65 70 7% 80 85 0 95 100

600004

550004 c

500004

W_VIS_1 mAU

s 18b 19b

oL

Time (min)

Figure 4. UHPLC-DAD chromatograms recorded at 280 nm of compounds present in 50% ethanol
SDR extracts of lavender (A), spearmint (B), and lemon balm (C). For chromatographic conditions,
see Section 2.3.4. For peak assignments, see Tables 1, 3 and 5.

Two assays were therefore used to investigate the antioxidant activity of the FAP and
SDR extracts: the radical scavenging activity (RSA), which is based on the SET or HAT
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reaction mechanism, and the Ferric Reducing Antioxidant Power (FRAP), which is based
on the SET mechanism [46].

The former is one of the most widely used tests for determining the antioxidant power
of natural compounds. Due to its high reproducibility and ease of execution, this assay has
been recognized by the Association of Official Agricultural Chemists as the official method for
estimating antioxidant activity in foods and drinks [47]. It utilizes the DPPH reagent, a stable
free radical that changes from an intense purple colour to a pale yellow upon reduction.

As depicted in Figure 5A, the lavender extracts demonstrated the ability to scavenge
this free radical. Notably, the SDR samples exhibited higher antioxidant activity than the
corresponding FAP extracts, which is consistent with our data showing that the SDR extracts
had a higher TPC (Figure 1A). Specifically, the RSA% of the extracts derived from the spent
plant was 1.8-3.4 times greater than that of the extracts from the fresh plant. The strongest and
weakest antioxidant powers were observed in the 50% ethanol SDR extract (67.17 & 1.30%)
and the 75% ethanol FAP extract (18.41 & 0.55%), respectively. Among the SDR samples, only
100% ethanol extract differed significantly from the others (p < 0.0001) (Figure 5A).

A BMO%E B50%E A75%E [1100%E
80 80
a I

60 60
®
<
(%]

& 40 40

a a’b a,c e s m
20 I % 2 S 20
0 0
FAP BHT

B 20
MO0%E B50%E [@A75%E C0100%E

40

o

20

15

mg AAE/g DM
5

10

a a b
L W=z«
FAP

Figure 5. Radical scavenging activity (RSA%) (A) and Ferric Reducing Antioxidant Power (B) of
Lavandula angustifolia Mill. cv. Maillette extracts. FAP, Fresh Aromatic Plant; SDR, Steam Distillation
Residues; BHT, butylated hydroxytoluene; AAE, Ascorbic Acid Equivalents; DM, Dry Matter; E,
Ethanol. All determinations were performed in triplicate, and results were expressed as mean + SD.

BHT

Bars with different letters denote significant statistical differences at p < 0.0001 within each type of
plant biomass.

https://doi.org/10.3390/agronomy16131240


https://doi.org/10.3390/agronomy16131240

Agronomy 2026, 16, 1240

28 of 34

As with lavender, the antioxidant activity of the spearmint distillation residue extracts
was higher than that of the fresh plant, except for the extract prepared with 100% ethanol.
However, the RSA% of the SDR samples was only 1.3 times higher than that of the FAP
samples. The SDR extracts prepared with the 50% and 75% ethanol displayed the highest
antioxidant power (58.71 & 1.71% and 58.85 + 0.27%, respectively) with no statistically
significant differences (p > 0.05). These were followed by the extracts prepared with 0%
ethanol (54.97 £ 0.59%) and 100% ethanol (31.58 & 0.79%), which showed high statistically
significant differences (p < 0.0001) (Figure 6A).

A 0%E =50%E “75%E [1100%E
20 80
b
60 = T E 60
ks
® b P
3 . E57
2 40 ; a 40
o c
E
20 20
0 0
FAP SDR BHT
8
B 0%E —I50%E Z75%E [1100%E
b 40
6 1
a
= 30
=
a 8 <
oo
2, !
3 2 20
[-T] a
E =3
2 g 10
d
0 0
FAP SDR BHT

Figure 6. Radical scavenging activity (RSA%) (A) and Ferric Reducing Antioxidant Power (B) of
Mentha spicata L. extracts. FAP, Fresh Aromatic Plant; SDR, Steam Distillation Residues; BHT,
butylated hydroxytoluene; AAE, Ascorbic Acid Equivalents; DM, Dry Matter; E, Ethanol. All
determinations were performed in triplicate, and results were expressed as mean + SD. Bars with
different letters denote significant statistical differences at p < 0.0001 within each type of plant biomass.

In contrast to the previous results, the FAP extracts from lemon balm exhibited stronger
antioxidant properties than the SDR extracts (Figure 7A). RSA% decreased as the ethanol
content of the extraction solvent increased, ranging from 66.86 + 2.74% in 0% ethanol
to 20.84 & 0.29% in 100% ethanol. Conversely, the scavenging activity measured in the
SDR extracts increased with increasing ethanol percentage, reaching an RSA value of
59.23 £ 1.30% in the 75% ethanol extract.
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Figure 7. Radical scavenging activity (RSA%) (A) and Ferric Reducing Antioxidant Power (B) of
Melissa officinalis L. extracts. FAP, Fresh Aromatic Plant; SDR, Steam Distillation Residues; BHT,
butylated hydroxytoluene; AAE, Ascorbic Acid Equivalents; DM, Dry Matter; E, Ethanol. All
determinations were performed in triplicate, and results were expressed as mean & SD. Bars with
different letters denote significant statistical differences at p < 0.0001 within each type of plant biomass.

As with the FAP extracts, the 100% ethanol SDR extract exhibited the weakest antioxi-
dant activity at 25.65 £ 0.28% (p < 0.0001). Excluding the 0% ethanol extracts, with FAP
value 1.9 times higher than the SDR value, no substantial differences were observed in the
radical scavenging activity of the two types of plant matrix (Figure 7A).

BHT, one of the most commonly used synthetic antioxidants, was selected for com-
parison with the scavenging activity of the extracts. Interestingly, the radical scavenging
activity of 0% ethanol and 50% ethanol lemon balm FAP extracts, and 0% ethanol and 50%
ethanol lavender SDR extracts, were comparable to that of BHT.

The FRAP assay measures antioxidant power based on a molecule’s ability to reduce
Fe3* to Fe?*. The extracts examined here produced a positive response when tested with
this method, proving the ability of the phytochemical complexes to react with ferric ions.
The trend was like that observed in the radical scavenging assay. Specifically, the SDR
extracts of lavender and spearmint exhibited stronger ferric reducing power than the FAP
samples, whereas the extracts from fresh lemon balm were more active than those from the
spent plants.

For lavender, the FRAP values of the SDR extracts ranged from 0.83 4= 0.03 mg AAE/g
DM in 100% ethanol to 16.60 £ 0.98 mg AAE/g DM in 50% ethanol (Figure 5B). By
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contrast, the FRAP values of the FAP extracts were much lower, ranging from 0.80 £ 0.07 to
2.53 £ 0.03 mg AAE/g DM. Notably, there was a significant difference in the antioxidant
response between the SDR and FAP samples, with the FRAP value of the 75% ethanol SDR
extract being 7.9 times higher than the corresponding FAP extract.

Figure 6B shows the FRAP results obtained from fresh and spent spearmint extracts.
The 50% ethanol SDR extract exhibited the strongest ferric reducing activity with a value
of 6.47 + 0.46 mg AAE/g DM. This was followed by the extracts prepared using 0%
ethanol, 75% ethanol, and 100% ethanol. These differences were found to be statistically
significant with p < 0.0001. Among the FAP extracts, the highest value was observed in the
50% ethanol, while the lowest value was observed in the 100% ethanol (4.29 + 0.31 and
1.51 £ 0.02 mg AAE/g DM, respectively). Unlike lavender, however, the ferric reducing
power of the spent spearmint extracts was only slightly higher than that of the fresh
plant extracts.

The ferric reducing power results for the lemon balm extracts contradicted those
observed for lavender and spearmint. The FAP extracts exhibited higher ferric reducing
power than the SDR extracts, except for the 100% ethanol, which showed comparable
antioxidant activity in both types of extract (Figure 7B). Specifically, the ferric reducing
activity of the extracts obtained from the fresh plant was 1.03 to 3.4 times higher than that
of the residues. The FRAP values ranged from 0.54 % 0.00 to 8.05 = 0.67 mg AAE/g DM for
the FAP samples, and from 0.53 £ 0.04 to 2.62 4+ 0.22 mg AAE/g DM for the SDR samples
(Figure 7B).

Unlike the radical scavenging activity, the ferric reducing power of the extracts was
lower than that of BHT. The only noteworthy extract was the 50% ethanol lavender SDR,
which had a value equal to half that of BHT.

The harmful effects of oxidative processes on biological systems, foods, cosmetics,
and pharmaceutical products are well recognized. Antioxidant compounds neutralize free
radicals, minimizing the damage caused to biological systems and extending the shelf life
of food and cosmetic products by slowing their deterioration. Synthetic antioxidants such
as butylated hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) are widely used
because they can be produced to a high degree of purity at a low cost and are effective in
small doses. However, they have some disadvantages, such as poor water solubility, and
above all, they can be toxic to the human body as they accumulate in adipose tissue and
inhibit several enzymes [48,49]. Due to these concerns, the search for safer antioxidants has
focused on bioactive compounds extracted from natural sources for many years.

While numerous studies have been carried out on the antioxidant properties of EOs
from aromatic plants, a smaller number of studies are available on hydroalcoholic extracts
from these plants. Additionally, there are fewer comparisons between extracts from fresh
plants and residues obtained after EO extraction.

Our results regarding the antioxidant properties of Lavandula angustifolia Mill. extracts
are consistent with those published by Marovska et al. (2023), who reported that SDR
extracts have greater antioxidant power than the fresh plant [50].

However, in this study the antioxidant activity of the SDR extracts, as measured by
DPPH and FRAP assays, was only 1.3-1.5 times higher than that of the fresh plant extract.
In contrast, the SDR lavender extracts in our study showed higher antioxidant activity than
FAP, as reported above.

Sasha et al. (2022) observed that the radical scavenging activity of extracts from Mentha
arvensis fresh plant was higher than that of the distillation waste [33]. However, our data
were not in agreement with this study, as the scavenging activity of the SDR extracts from
spearmint was higher than that of the fresh plant extracts.
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Furthermore, Saha et al. measured the lowest antioxidant activity in the aqueous
extracts, in opposition with our findings. A recent study involving ultrasound-assisted ex-
traction of several aromatic plants in 50% ethanol reports that lemon balm extract exhibited
higher radical scavenging activity and ferric reducing power than spearmint [51]. However,
the extracts in our study, which were prepared using a maceration process, showed the
opposite trend.

All the above findings suggest that the polyphenolic content responsible for antioxi-
dant activity is not only influenced by the type of plant, but also by additional factors such
as industrial processing and extraction methods.

This encourages further study on the antioxidant properties of natural extracts, since
the results of previous investigations can only be used for comparison purposes and cannot
be used to predict the outcome.

4. Conclusions

In this study, we compared the polyphenolic composition and antioxidant power
of extracts from aromatic plant residues, remaining after the distillation process used
to produce EOs, with those from fresh plants. Our objectives were to determine if the
distillation process makes plants more available for subsequent extraction of bioactive
compounds, and to assess the potential for using the spent residues, produced in large
quantities, as a source of natural antioxidants.

We focused on three plants: lavender, spearmint, and lemon balm. Our findings
revealed that the extracts from lavender and spearmint residues contained a higher quantity
of bioactive molecules compared to the fresh plants. A similar trend was observed for
antioxidant activity, with the extracts from lavender and spearmint residues exhibiting
higher antioxidant activity than the respective fresh plants. However, the lemon balm
residues provided extracts with fewer antioxidant compounds and lower antioxidant power
compared to the fresh plant.

These findings demonstrate that residues from the distillation of aromatic plants still
contain valuable compounds. Among the plants examined, lavender provided a residue
that was very rich in polyphenols and had radical scavenging activity comparable to
the synthetic antioxidant BHT, followed by spearmint residue. This suggests that these
wastes can be conveniently used to produce natural antioxidants, which could serve as
a safer alternative to synthetic antioxidants in the food and cosmetic industries. This is
particularly beneficial for consumers who are increasingly aware of the lower toxicity of
natural antioxidants and are increasingly inclined to prefer natural preparations for health
benefits. Additionally, the maceration process used in this study is both cost-effective
and does not require the use of sophisticated equipment, making it easily applicable
to large quantities of biomass. Therefore, it is a valuable method for utilizing under-
exploited residues.
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Abbreviations

The following abbreviations are used in this manuscript:

AAE ascorbic acid equivalents

BHT butylated hydroxytoluene

CAE caffeic acid equivalents

CE catechin Equivalents

CID collision-induced dissociation

DM dry matter

DPPH 2,2-diphenyl-1-picrylhydrazyl

EO essential oils

FAP fresh aromatic plant

FRAP ferric reducing antioxidant power

GAE gallic acid equivalents

HAT hydrogen atom transfer

QE quercetin equivalents

RP-HPLC-DAD Reversed-Phase High Performance Liquid Chromatography-Diode
Array Detector

RSA radical scavenging activity

SDR steam distillation residue

SET single electron transfer

TDC total ortho-diphenolic content

TFC total flavonoid content

TPC total phenolic content

TPTZ 2,4,6-tripyridyl-S-triazine

UHPLC-DAD ultra-high-performance liquid chromatography-diode array detector

UHPLC-ESL-LIT/MSn l%ltra-h.igh—performance liquid chromatography—electrospray ionization-
linear ion trap mass spectrometry
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