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Abstract: Rosmarinic acid (RA), an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid, is a potent
radical scavenger, a chelator of prooxidant ions, and an inhibitor of lipid peroxidation. RA-containing
extracts are widely used natural antioxidants in food products, and many herbal preparations and
food supplements, containing RA, are marketed with claims of beneficial health effects. The current
study investigated the effectiveness of subcritical water extraction (SWE) for the recovery of RA from
lemon balm (Melissa officinalis), as a “green” alternative to conventional hydro-alcoholic extraction.
Different durations (10 min and 20 min) and extraction temperatures (100 ◦C and 150 ◦C) were
applied. Subcritical water applied at a temperature of 100 ◦C was equally efficient as 50% ethanol in
extracting RA. However, the further elevation of temperature to 150 ◦C decreased RA content by up
to 20% due to thermal degradation. The content of RA in dried extracts was between 2.36% and 5.55%
and the higher temperature of SWE increased extract yield by up to 41%. The higher extraction yield
resulted from the degradation of plant material by subcritical water as evidenced by the increased
extraction and degradation of proteins, pectin, and cellulose. These results reveal that SWE is an
efficient technology for the extraction of RA and other antioxidants from lemon balm at reduced
extraction time and without the use of toxic organic solvents. Furthermore, by modification of SWE
conditions, dry extracts with different purity and content of RA are obtained. These extracts could
be used in the food industry as food antioxidants, or in the development of food supplements and
functional foods.

Keywords: lemon balm (Melissa officinalis); subcritical water extraction; antioxidant activity; phyto-
chemical analysis; nutraceuticals; polysaccharides; lignin; plant cell walls

1. Introduction

Rosmarinic acid (RA), an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid,
is a widely distributed secondary metabolite in the plant kingdom. Many plant species,
used traditionally in folk medicine, contain RA. Among them are lemon balm (Melissa
officinalis), rosemary (Rosmarinus officinalis), thyme (Thymus spp.), and many other plant
species, particularly from the Lamiaceae family. The amount of RA in these plants varies
significantly, depending on environmental and genetic factors [1,2], but rarely exceeds 1%
of the dry weight (DW) [3].

Many studies reveal that RA is a potent scavenger of reactive oxygen species, stronger
in comparison to synthetic antioxidants such as BHT and BHA [4]. In addition, it demon-
strates a higher reducing capacity in comparison to vitamin C, and strong chelating proper-
ties of pro-oxidant ions [5]. Due to its antimicrobial properties and ability to inhibit lipid
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peroxidation, RA is thoroughly investigated for its potential use in the food industry as
a natural alternative to synthetic antioxidants and preservatives [6]. Extracts, containing
RA, have been used for the extension of bread shelf-life [7], improving the taste of some
culinary products, stabilizing corn oil [8], and used as a natural preservative in nonalco-
holic beverages [9], and cupcakes [10]. Furthermore, RA revealed a strong co-pigmentation
effect towards black chokeberry anthocyanins, thus increasing their stability and color
intensity [11]. Currently, the only RA-containing plant extract officially allowed as a food
preservative in the European Union (EU) is rosemary extract (E392) [12]. However, recently
EFSA assessed the safety of a dried extract (containing ≥ 10% of hydroxycinnamic acid
derivatives including ≥ 3% of RA) from the leaves of Melissa officinalis L. and concluded
that it could be used as a feed additive for all animal species.

RA exhibits numerous health benefits, related mainly to its neuroprotective [13], hep-
atoprotective [14], and anti-inflammatory properties [15,16]. For example, it inhibits certain
enzymes related to diabetes [17], as well as white adipogenic differentiation, and induces
adipocyte basal lipolysis in human adipocytes [18]. RA revealed hepatoprotective proper-
ties by reducing lipid peroxidation, degree of fibrosis, and overall improving biochemical
parameters of the liver [19]. Due to the strong anti-inflammatory effect, the administra-
tion of RA-containing extracts significantly reduced pain in patients with osteoarthritis.
In addition, it positively affected colitis and inflammatory skin conditions such as atyp-
ical dermatitis, in line with other inflammation-related conditions (e.g., asthma, allergic
rhinitis) [15,16,20,21]. Furthermore, extracts containing RA revealed no detrimental side
effects on the liver, kidneys, and other organs [22]. For that reason, a large number of
RA-containing preparations and food supplements are marketed with health claims.

Lemon balm (Melissa officinalis L.) is among the medicinal plants rich in RA, with up to
6% RA in dry leaves [23]. Due to the abundance of biologically active substances such as hy-
droxycinnamic acid derivatives (i.e., caffeic and chlorogenic acids), essential oil (0.06–0.8%),
flavonoids, tannins [24], and triterpenes [23], lemon balm has been used for centuries in
folk medicine for different ailments. The most popular health benefits of lemon balm and
its extracts are related to calming and anxiolytic effects and the majority of medicines and
nutraceuticals based on lemon balm are intended to improve sleep quality or for treating
insomnia [25,26]. Besides food supplements, standardized herbal substances or extracts
from lemon balm leaves are recognized on the EU level as a traditional herbal medicinal
product for the relief of mild symptoms of mental stress and to aid sleep and traditional
herbal medicinal products for symptomatic treatment of mild gastrointestinal complaints,
including bloating and flatulence [27]. However, for that purpose, European Pharma-
copoeia requires a minimum content of 1% RA in dry lemon balm leaves (Melissae folium)
used for herbal preparations [28] and a minimum of 2% RA in dry extracts produced from
Melissa leaf [29].

Besides the biotechnological approaches of RA via in vitro systems [30], plants remain
the most important and widely exploited source of RA. Some physical (i.e., controlled
irradiation with light) [31] and chemical methods have been applied to increase its ac-
cumulation or recovery from plants. Conventional chemical methods commonly used
for the isolation of RA from plants include Soxhlet extraction, maceration, heat reflux
extraction, and soaking, and the most frequent solvents used are methanol, ethanol [32,33],
or hydro-alcoholic solutions [34]. While the yield of RA is high, the extraction time is
often too long [35–37]. To overcome that obstacle, newer techniques such as microwave
and ultrasonic extraction have been used, as they are performed in a shorter time [38].
Enzyme-assisted extraction has also been used, where cellulase enzymes are used to disturb
cell walls and enhance the extraction of RA and polyphenols [39].

In recent years, the concept of “green chemistry” has gained prominence, with a focus
on finding extraction methods that protect the environment and are non-toxic to humans.
Thus, several rapid, environmentally friendly, and clean extraction techniques for RA, such
as supercritical carbon dioxide extraction [40], pressurized liquid extraction [41], ionic
liquids-based extraction [42], and molecularly imprinted polymer selective extraction have
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been researched [43]. Subcritical water extraction (SWE) is a relatively new technique for
extracting biologically active substances using water as an extractant under subcritical
conditions (temperatures between 100–374 ◦C and pressures sufficient to maintain a liquid
phase). SWE is also an environmentally friendly method as it does not use toxic organic
solvents [44]. The main advantages of SWE are related to the use of water instead of
organic solvents and the reduced time, which significantly reduces economic costs and
the environmental footprint of the extraction process. So far, SWE has been used for the
recovery of various bioactives from different plant matrices [45], but there is only evidence
in the literature for the application of subcritical water for the extraction of lemon balm [8].
However, the study emphasizes the application of the extract for the stabilization of corn
oil, without presenting detailed chemical characterization or assessing the efficiency of the
extraction process [8]. To the best of our knowledge, comparing the extraction efficiency
of subcritical water with conventional water or water-alcoholic extraction has not been
performed. Therefore, the study aimed to investigate the extraction efficiency of RA and
the major phenolic antioxidants from lemon balm under different subcritical conditions
in comparison to conventional hydro-alcoholic extraction. In order to explain the better
effectiveness of subcritical water for RA extraction, we also analyzed carbohydrates (uronic
acids, cellulose, and free sugars), lignin, and protein contents in the obtained extraction
residues, which are indicative of the degree of plant cell wall degradation. The obtained
results are discussed in light of the available regulatory requirements, thus paving the way
for the potential use of the extracts as nutraceuticals, traditional herbal medicinal products,
and feed/food additives.

2. Materials and Methods
2.1. Plant Material

Lemon balm (Melissa officinalis L.) cut leaves (Batch L CS26.2/1209/22; net weight:
4 kg) were purchased from Botanical EU Ltd. (Cheshnegirovo, Plovdiv region, Bulgaria)
in September 2022 and kept in paper bags. Dried leaves were ground to a fine powder
immediately before extraction and analysis.

2.2. Proximate Composition Analysis of Plant Material

For the determination of moisture content, the milled sample (~1.3 g) was dried in an
automated moisture analyzer (KERN DLB 160-3A, Bensheim, Germany) at 105 ◦C until
constant weight. The ash content was determined as the pulverized sample (0.5 g) was
placed in a crucible and ignited in a muffle furnace at 550 ◦C until there was no change
in the mass of the sample. For the estimation of crude lipid content, the ground sample
(10.0 g) was packed in a cellulose thimble and subjected to exhaustive extraction with
petroleum ether (500 mL) for 8 h in a Soxhlet extractor. The obtained crude extract was
dried under vacuum and its weight was used for the calculation of the lipid content.
The crude protein content was evaluated by the micro-Kjeldahl method (N × 6.25). The
determination of nitrogen expressed as ammonia content of the digested sample was
performed using the acetylacetone–formaldehyde colorimetric method using ammonium
sulfate as a standard [46]. The total carbohydrate content of the leaves was analyzed by the
phenol-sulfuric acid method using glucose for the calibration curve construction [47]. The
sample was solubilized in 72% (w/w) H2SO4 (1 h, 30 ◦C), and after dilution with water to
1 M H2SO4, hydrolysis was completed in 3 h at 100 ◦C. The obtained hydrolyzate was used
as a sample for analysis. The absorbance was measured at 490 nm.

2.3. Extraction of RA and Phenolic Components
2.3.1. Reference Extraction Procedure of RA and Phenolic Components

A pharmacopoeian method was used as a reference extraction procedure of phenolic
components including RA [29]. Briefly, 0.1 g of the powdered plant material was weighed
accurately and mixed with 90 mL 50% (v/v) ethanol in a brown-glass round-bottomed
flask. The mixture was boiled in a water bath under a reflux condenser for 30 min, cooled,
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and filtered into a 100 mL volumetric flask. Flask and filter were rinsed with 10 mL of
50% ethanol and diluted to 100.0 mL with the same solvent. The extraction procedure was
repeated two times and the extract was denoted as Control (C) extract.

2.3.2. Static Maceration (Preparation of Tincture)

For this procedure, 4 g of the powdered plant material was mixed with 80 mL 50%
(v/v) ethanol (solid-to-liquid ratio of 1:20) in brown-glass flasks. Flasks were left at room
temperature for 30 days and shaken by hand every day. Periodically, 500 µL of the extracts
were taken for analysis after centrifugation (6000× g, 20 min). The extraction procedure
was repeated two times and the extract was denoted as Static Maceration (SM) extract. It
was observed that the highest content of phenolic compounds including RA was extracted
on the 10th day; therefore, all results denoted with SM refer specifically to this sample.

2.3.3. Temperature-Assisted Dynamic Maceration

For this procedure, 4 g of the powdered plant material was mixed with 80 mL 50%
(v/v) ethanol (solid-to-liquid ratio of 1:20) in 100 mL screwcap pyrex glass bottles. Bottles
were shaken in a water bath (NUVE, Asagi Ovecler Ankara, Turkey) for 1 h, at 60 ◦C.
The bottles were then cooled down and the extract was filtered. The extraction procedure
was repeated two times and the extract was denoted as Temperature-Assisted Dynamic
Maceration (TADM) extract.

2.3.4. Subcritical Water Extraction

Static subcritical water extraction was performed on a 2 L capacity device, equipped
with a vessel for electrical heating of water, heat-insulated extractor (useful volume 2.0 L),
circulation pump for hot water, cooler, and electric control panel, as described in detail
elsewhere [48]. Two different extraction temperatures (100 ◦C and 150 ◦C) and two different
extraction times (10 min and 20 min) were employed for the extraction of RA and a
counterpressure of 10 bar was applied to keep water liquid by pumping nitrogen into the
system. For the extraction, 100 g of plant material was loaded into a cylindrical metal
sieve and put into the extractor. The system was filled with 2 L (solid-to-liquid ratio of
1:20) water, which after reaching the desired temperature was pumped continuously (for
the desired time) through the metal sieve loaded with plant material. After that, extracts
were cooled down to room temperature directly in the equipment. All extractions (for
each temperature and duration) were repeated twice and the extracts denoted SWE100/10,
SWE100/20, SWE150/10, and SWE150/20, reflecting extraction temperature and duration.

2.4. Total Polyphenol Content

Total polyphenols were determined according to the method of Singleton & Rossi
(1965) [49] with the Folin-Ciocalteu’s reagent. Gallic acid was employed as a calibration
standard and the results were expressed in mg Gallic acid equivalents (GAE) per 100 g DW
± SD (n = 8).

2.5. Antioxidant Activity Assays

Oxygen radical absorbance capacity (ORAC) activity was measured on a microplate
reader FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany) with excitation at λ = 485 nm
and emission at λ = 520 nm, according to the method of Ou et al. [50] with some modifica-
tions by Denev et al. [51]. Trolox was used for building the standard curve and results were
expressed in micromole Trolox equivalents (µmol TE) per gram DW ± SD (n = 8).

Hydroxyl radical averting capacity (HORAC) activity was determined with excitation
at λ = 485 nm and emission at λ = 520 nm, according to Ou et al. [52]. Gallic acid was used
for the standard curve and results were expressed in micromole gallic acid equivalents
(µmol GAE) per gram DW ± SD (n = 8).
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2.6. High Performance Liquid Chromatography (HPLC) Determination of RA

RA content in the dry herb and dried extracts was analyzed and calculated according
to the Ph Eur monographs 1447 and 2524 [28,29], respectively with a slight modification
in the chromatographic conditions. A HPLC system Nexera-i LC2040C Plus (Shimadzu
Corporation, Kyoto, Japan) with a UV-VIS detector and a binary pump was used. The
column was Poroshell 120 EC-C18 (3 mm × 100 mm, 2.7 µm), thermostated at 26 ◦C.
The flow rate was 0.3 mL/min and the injection volume was 5 µL. The detection of the
derivatives was made at λ = 330 nm. The mobile phase consisted of A: phosphoric acid,
acetonitrile, water (1:19:80 v/v/v) and B: phosphoric acid, methanol, acetonitrile (1:40:59
v/v/v). The gradient started with 100% A and changed gradually to 55% A and 45% B at
20 min. After that, between 20 min and 25 min B reached gradually 100%. From 25 min to
30 min A changed from 0% to 100%.

The content of RA (%) in herb/extract was calculated using the following expression:

A1 × M2 × P × 0.2
A2 × M1

where:

A1 = area of the peak due to RA in the chromatogram obtained with the test solution;
A2 = area of the peak due to RA in the chromatogram obtained with reference solution;
M1 = mass of the plant material/extract to be examined used to prepare the test solution,
in grams;
M2 = mass of RA used to prepare reference solution, in grams;
P = percentage content of RA in standard rosmarinic acid.

2.7. HPLC Determination of Other Phenolic Compounds

HPLC analyses were performed on an UHPLC system Nexera-i LC2040C Plus (Shi-
madzu Corporation, Kyoto, Japan) with a UV-VIS detector and a binary pump. The column
was Poroshell 120 EC-C18 (3 mm × 100 mm, 2.7 µm), thermostated at 26 ◦C. The flow
rate was 0.3 mL/min and the injection volume was 5 µL. The derivatives were detected at
λ = 280 nm. The mobile phase consisted of A: 0.5% acetic acid and B: 100% acetonitrile. The
gradient condition started with 14% (B), between 6 and 30 min, linearly increased to 25%
(B), and then to 50% (B) at 40 min. The identification of compounds was confirmed by a
comparison of retention times utilizing standard solutions and standard calibration curves
of different phenolics (gallic acid, neochlorogenic acid, 3,4-dihydroxybenzoic acid, chloro-
genic acid, catechin, vanillic acid, caffeic acid, epicatechin, p-coumaric acid, ferulic acid,
rutin, ellagic acid, quercetin-3-β-glucoside, naringin, rosmarinic acid, myricetin, cinnamic
acid, quercetin, luteolin, naringenin, apigenin, and kaempferol). The results for individual
phenolic compounds were expressed in mg per 100 g DW ± SD.

2.8. HPLC Determination of Free Sugars

One gram of the powdered plant material was extracted (1 h, 30 ◦C) with meta-
phosphoric acid (30 mL, 3%) using continuous shaking in a water bath. The extract was
recovered through centrifugation (6000× g, 20 min) and further filtration through a PTFE
filter (0.45 µm). The filtrated extract was used for chromatographic analysis. The analysis
of free sugars was performed on a ZORBAX Carbohydrate (5 µm, 4.6 × 150 mm, Agilent)
and a ZORBAX Reliance Cartridge guard column. An UHPLC system Nexera-i LC2040C
Plus (Shimadzu Corporation, Kyoto, Japan) with a binary pump and a 20 A refractive index
detector. The sample was eluted at a flow rate of 1.0 mL/min at 25 ◦C with a mobile phase
composed of a mixture of acetonitrile and water (80:20 v/v). The concentration of sugars,
detected by their retention time, in the sample was obtained using a calibration curve built
by plotting the peak area against the concentrations of each standard.
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2.9. Uronic Acid, Cellulose, and Lignin Content

For the estimation of the uronic acid content of the raw material and polysaccharides
(PSs) an automated 3-hydroxybiphenyl method was conducted by a Skalar San++ apparatus
(Skalar Analytical BV, Breda, the Netherlands), following the manufacturer’s instructions.
Absorption was measured at 530 nm and galacturonic acid (12.5–100.0 µg/mL) was used
as a standard. Preliminary, the sample was threefold-extracted with ethanol (70% (v/v),
50 ◦C, 1 h). The mixture was centrifugated (18.187× g) to separate solid material before
each repetition. In addition, the residue was soaked (2×, 1 h) with pure acetone at room
temperature and vacuum dried. Finally, the sample was hydrolyzed as described in
Section 2.2. and the filtrated hydrolyzate was run as a sample for analysis. PSs samples
were directly analyzed by the method after proper dissolution and dilution.

The quantitative estimation of cellulose was performed spectrophotometrically ac-
cording to the semi-micro method of Updegraff with a modification [53]. Briefly, a sample
(30–35 mg) was gently boiled (30 min) with 2 mL of acetic acid-HNO3 reagent (acetic
acid:H2O:HNO3 8:2:1 v/v/v) in a microtube with O-ring screw cap. After cooling the insol-
uble residue was separated through centrifugation, and then washed with deionized water
to neutral pH. The obtained residue was subjected to sulfuric acid (72% w/w) treatment to
solubilize cellulose and which was further determined by the phenol-sulfuric acid method
after an appropriate dilution.

A color reaction with phloroglucinol-hydrochloric acid (Wiesner’s test) was conducted
as a procedure for the detection of lignin. The lignin content was evaluated by the Klason
lignin gravimetric method (KL) [54]. Prior to performing the color reaction and analysis,
the plant material was successively extracted in a Soxhlet apparatus with water, ethanol
(96% v/v), chloroform:methanol (2:1 v/v), and acetone to obtain a cell wall material [55].

2.10. Isolation of the Polysaccharide Fractions

A volume of 500 mL of the obtained extracts (M1-4) was used for the isolation of
PS fractions. The extracts were initially centrifuged (20 min, 5000× g). The volume of
the supernatant was reduced in half. Then, the supernatant and 96% (v/v) cold ethanol
were combined in a ratio of 1:2 to precipitate PSs. The mixture was centrifuged (20 min,
4 ◦C, 3490× g) to recover the precipitate. It was then re-dissolved in distilled water
and extensively dialyzed (mwco 3.5 kDa, Visking®, SERVA Electrophoresis, Heidelberg,
Germany) for 72 h against distilled water (4 ◦C). Finally, the dialysate was frozen in plastic
containers (100 mL), which were freeze-dried in an Alpha 1–4 LDplus laboratory freeze
dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).

2.11. Preparation of Freeze-Dried Extracts

For the preparation of freeze-dried extracts, ethanol from TADM was rotary evapo-
rated at 50 ◦C under vacuum, whereas subcritical water extracts were only filtered. After
that, 100 mL from each extract were poured into plastic containers, frozen and freeze-dried
in an Alpha 1–4 LDplus laboratory freeze dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany).

2.12. Statistical Analysis

All extractions were performed in duplicate. The HPLC analyses were performed
twice for every single sample (n = 4), whereas other analyses were run at least in triplicate
for each sample (n = 6). Results were expressed as mean values ± standard deviations.
One-way analysis of variance (ANOVA) and Student’s t-test were used to evaluate the
differences in the mean between groups. p values less than 0.05 were considered to be
significant. Microsoft Excel, 2013 (Microsoft Corporation, Redmond, WA, USA) was used
in the analyses.
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3. Results and Discussion
3.1. Proximate Composition Analysis of Lemon Balm Leaves

As the first step of the study, we analyzed the proximate chemical composition of
lemon balm, which is very informative when assessing the effect of subcritical water
on plant matter and its efficiency in extracting RA (Table 1). The table shows that car-
bohydrates were the major component of lemon balm (22% DW), followed by proteins
and lignin. Lipid components were found in significantly smaller quantities. Cellulose
and pectin (uronic acids) represented approximately 50% of the total carbohydrates. As
could be seen, the raw material was a very rich source of phenolic compounds −11.5%,
including 1.60% RA. From the investigated 22 phenolic compounds, besides RA, we also
identified and quantified caffeic acid, neochlorogenic acid, and luteolin. However, they
were presented in very low amounts, confirming that RA is the major biologically active
component in lemon balm leaves. Chromatograms from two analyses are presented in
Supplementary Figure S1. The high content of phenolic compounds rendered a relatively
high antioxidant activity measured by ORAC (1814.6 ± 51.9 µmol TE/g DW) and HORAC
(950.2 ± 15.9 µmol GAE/g DW) methods, respectively. The raw material was very rich in
crude protein and contained substantial amounts of minerals, expressed as 18.1% ash.

Table 1. Chemical characterization and antioxidant activity of lemon balm leaves.

A. Moisture, % 10.0 ± 0.1

B. Crude protein (N × 6.25), % 18.4 ± 0.5

C. Total lipids, % 2.2 ± 0.1

D. Total carbohydrates, % 22.0 ± 0.5

Glucose (Glc) 1.8 ± 0.1

Fructose (Fru) 1.9 ± 0.2

Sucrose (Suc) 0.02 ± 0.0

Maltose (Mal) 0.3 ± 0.0

Total uronic acids 5.4 ± 0.1

Cellulose 5.3 ± 0.6

E. Ash, % 18.1 ± 0.4

F. Lignin (Klason), % 18.7 ± 0.3

G. Phenolics *, mg/100 g

Total polyphenols 11,491.1 ± 186.8

Rosmarinic acid 1599.9 ± 45

Neochlorogenic acid 96.6 ± 3.3

Caffeic acid 15.5 ± 1.1

Luteolin 23.8 ± 0.1

H. Antioxidant activity *

ORAC, µmol TE/g DW 1814.6 ± 51.9

HORAC, µmol GAE/g DW 950.2 ± 15.9
Results are presented as mean values ± SD; * Values are calculated for extract C, obtained by the reference
extraction method.

3.2. Recovery of Rosmarinic Acid from Lemon Balm Leaves by Subcritical Water and Conventional
Hydro-Alcoholic Extraction

There are many examples from the literature supporting that methanol, ethanol,
and hydro-alcoholic solutions are better extragents of RA in comparison to water [56,57].
However, it should be noted that with an increase in temperature below the critical point,
the dielectric constant of water decreases, and favors the dissolution of substances that
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are otherwise more soluble in organic solvents. Therefore, we hypothesized that under
subcritical conditions, water could be an efficient solvent of RA from lemon balm. To
assess the applicability of SWE for the extraction of RA, without the use of organic solvents,
two different extraction temperatures (100 ◦C and 150 ◦C) and durations (10 min and
20 min) were tested. The efficiency of SWE for recovery of RA from lemon balm dry leaves
was compared with two commonly used methods for hydro-alcoholic extraction–SM and
TADM. In order to have an objective positive control, all results were compared to those of
the pharmacopoeian method for the extraction of RA [28]. Since this method employs 50%
(v/v) ethanol, SM and TADM were also performed with 50% ethanol and both SWE and
hydro-alcoholic extractions were carried out with a plant material-to-extragent ratio of 1:20,
thus allowing easier and more objective comparison of the results. As a preliminary step,
we investigated the recovery of phenolic compounds using static maceration for a period
of 30 days and observed that the highest contents of phenolic compounds and RA were
extracted on the 10th day (results are presented in Supplementary Figure S2). Therefore,
results denoted with SM refer specifically to that sample. Figure 1 presents data for the
recovery of RA and total phenolic compounds from lemon balm leaves depending on the
extraction method used. All results are calculated and presented on the basis of dry herb.

Figure 1. Effect of extraction method on the recovery of total polyphenols (panel (A)) and rosmarinic
acid (panel (B)) from lemon balm leaves. Results are presented as mean values ± SD. There are no
significant differences among values marked with the same letters (a, b, c, d) within individual groups.

Subcritical water was an efficient solvent of RA from Melissa officinalis leaves. The
referent pharmacopoeian method used for extraction provided a very exhaustive extraction
of total phenolic compounds (11,491 mg/100 g DW), which exceeded significantly (p < 0.05)
the yield of total phenolics extracted by other techniques. However, this was not the case
with RA (Figure 1, panel B). Practically, subcritical water extraction at 100 ◦C, regardless
of the extraction time, was equally efficient in the recovery of RA from the plant material
compared to the pharmacopoeian method and TADM with 50% ethanol. Increasing the
temperature to 150 ◦C decreased significantly (p < 0.05) the amount of extracted RA,
which is most probably due to its thermal degradation. It is known that rosemary extract
constituents, including RA, degraded because of increased temperature and exposure to
light [58] or gamma-irradiation [59]. The amount of RA yielded by static maceration, which
is the classical method for tincture preparation, was significantly lower in comparison to
TADM and SWE at 100 ◦C. It should be noted that results for RA recovery were obtained
from the 10th day of maceration when the maximum amount of total polyphenols was
yielded. As could be seen from Supplementary Figure S2, after the 10th day, the amount
of extracted RA decreased significantly, which is further evidence of its labile nature. It
is known that polyphenols, including RA, are prone to oxidation into quinones, which
further can react with nucleophilic group thiols and amines, leading to the formation of
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different adducts with amino acids and proteins [60,61]. Regardless of the decreased RA
content, water at a higher temperature (150 ◦C) extracted more polyphenols in comparison
to SWE at 100 ◦C and hydro-alcoholic extractions. This could be explained by the increased
degradation of plant cell walls and liberation of additional polyphenols from the degraded
plant matter, which is demonstrated and discussed in detail in Section 3.4.

3.3. Characterization of Lemon Balm Dried Extracts, Obtained by Subcritical Water or
Hydro-Alcoholic Extraction

As it was demonstrated in Section 3.2, SWE is equally efficient as TADM and superior
to SM in extracting RA from lemon balm leaves. However, dried standardized extracts
are the most widely used form for the application of medicinal plants in the food and nu-
traceutical industries. Therefore, subcritical water extracts were freeze-dried and analyzed.
The results were compared to the TADM extract, which was freeze-dried after the removal
of ethanol. As could be seen in Figure 2, the yield of dry extract varied significantly from
2.36% to 5.55%. It should be noted that in all cases, extracts contained more than 2% RA,
which is required by European pharmacopoeia for the Melissa officinalis dried extract [29].
The highest content of RA was found in TADM and subcritical extracts obtained at 100 ◦C
for both 10 min and 20 min (p < 0.05).

Figure 2. Yield of extract and rosmarinic acid content of dry extracts, obtained by different extraction
methods. Results are presented as mean values ± SD. There are no significant differences among
values marked with the same letters (a, b, c, d) within individual groups.

Subcritical water gave a higher extraction yield than TADM. Even at the lower tem-
perature, the extract yield was 11.5% (p < 0.05) higher in comparison with the yield of
hydro-alcoholic extraction. The duration had no significant effect (p < 0.05) on the yield
of extract, even though there was a trend towards increasing. On the other hand, the
extraction temperature had a profound effect and SWE150/20 yielded 41% more extract
in comparison to TADM. However, the higher extraction yield and degradation of RA at
the elevated temperature decreased the purity of RA in the extract to 2.36%. The higher
extraction yield is most probably due to the better extraction of pectic PSs and proteins,
and partial degradation of cellulose, resulting from the high temperature, which will be
demonstrated and discussed in Section 3.4.

In all cases, RA was the major phenolic compound and it represented approximately
90% of the phenolics in extracts, obtained with subcritical water at 100 ◦C and with 50%
ethanol. Besides RA, caffeic acid, neochlorogenic acid, and luteolin were quantified in the
extracts (Table 2). Hot water was a better extragent for caffeic and neochlorogenic acid
than 50% ethanol. Luteolin and its glycosides are the major flavonoids found in lemon
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balm [62,63], and it is very interesting that as a less polar compound, luteolin was extracted
with the same efficiency by 50% ethanol and subcritical water. Further increases in water
temperature to 150 ◦C increased several-fold the amount of extracted luteolin, which could
be associated again with the degree of degradation of plant material, but also with the
hydrolysis of luteolin glycosides and liberation of the aglycon. Interestingly, increasing
the hot water temperature from 100 ◦C to 150 ◦C doubled the amount of free caffeic acid
in the extract, which is probably due to the hydrolysis of caffeic acid dimers, trimers,
and tetramers, previously identified in lemon balm [63]. Furthermore, we assessed the
antioxidant properties of the obtained dry extracts by two methods–ORAC and HORAC.
In general, total polyphenol content correlated well with antioxidant activity. However,
samples with the highest polyphenol content (subcritical extracts obtained at 100 ◦C)
revealed lower peroxyl radical scavenging (ORAC) and hydroxyl radical averting capacity
(HORAC) values than SWE150/20, indicating that antioxidant properties of the investigated
extracts were strongly influenced by the individual phenolic profile of each extract.

Table 2. Content of total and individual phenolics and antioxidant activity of freeze-dried lemon
balm extracts, obtained by different extraction methods.

Extract
Total

Polyphenols,
mg/100 g DW

Caffeic Acid,
mg/100 g DW

Neochlorogenic
Acid,

mg/100 g DW

Luteolin,
mg/100 g DW

ORAC,
µmol TE/g DW

HORAC,
µmol GAE/g

DW

SWE100/10 30,933 a ± 267 60.5 b ± 0.9 408.3 c ± 1.1 13.4 c ± 2.1 3796 c ± 77 1902 b ± 95

SWE100/20 30,212 a ± 622 63.1 b ± 2.5 412.3 c ± 25.2 14.1 c ± 1.3 3784 c ± 45 1879 b ± 30

SWE150/10 26,102 c ± 88 292.6 a ± 18.2 784.9 b ± 49.2 92.7 b ± 2.0 3952 b ± 50 1877 b ± 30

SWE150/20 27,972 b ± 221 173.5 b± 11.1 953.1 a ± 81.3 112.1 a ± 9.1 4480 a ± 91 2207 a ± 86

TADM 27,426 b ± 163 47.0 c ± 3.9 177.7 d ± 1.2 10.4 c ± 1.2 4347 a ± 59 2080 ab ± 78

Results are presented as mean values ± SD. There are no significant differences among values marked with the
same letters (a, b, c, d) within individual groups.

3.4. Influence of Subcritical Water Extraction on Primary and Secondary Cell Wall Constituents

As has already been discussed, subcritical water is a suitable extragent for RA from
lemon balm and a higher extraction yield was achieved with subcritical water in comparison
to ethanol. Furthermore, the higher water temperature increased the yield of extract.
To explain these observations and to assess better the effect of water under subcritical
conditions on the plant material, we analyzed the protein, cellulose, total uronic acid,
and lignin contents of the residues after extraction. The results are given in Table 3. As
it is evident from the results, both extraction time and extraction temperature affect the
components of the primary cell walls.

The protein content of the residues after extraction did not change (21–22%). Given the
residue yield after extraction, it is clear that 56% of the total amount of crude protein found
in the initial material was recovered in the SWE150/20 residue. Under the softer extraction
conditions (SWE100/101), this percentage was much higher (84%), which suggests that a
significant portion of the initial proteins are still present in the residue, and only 16% has
passed into the extract. The tendency in the uronic acids, which reflect the content of acidic
PSs (e.g., pectin), was similar. Their content in residues after SWE150/10 and SWE150/20
decreased by 2–3 times, indicating that some of them were extracted and passed into the
respective extract. Particularly interesting is the fact that only 28% of the initial uronic acids
were recovered in the residue after SWE150/20 extraction, which indicates that 72% of them
have passed into a soluble form and were extracted from the raw material. Under softer
extraction conditions, it turns out that the cell walls were not affected, because residues after
extraction contain high amounts of the initial uronic acids. The situation was similar to that
of cellulose, which is the main building skeleton of plant cell walls. However, there were
no major changes in cellulose induced by SWE. It turns out that it was much more resistant
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to the conditions of extraction than uronic acids. In the residues after extraction, there were
between 105% and 91% of the initial cellulose, suggesting that this polysaccharide was
poorly affected. Only at the higher temperature and longer extraction duration began the
destruction of the cellulose skeleton. In the residue after SWE150/20 extraction, only 79%
of the initial cellulose was recovered. As a result of subcritical extraction, the content of the
acid-insoluble lignin increased in the residues, reaching nearly 41% in SWE150/20 residue.
It is especially interesting that, unlike polysaccharide components that undergo destruction
to a certain extent, lignin did not seem to change as a result of subcritical water treatment.
This was also evident from the analytical recovery of lignin in the residues after extraction,
which contain between 99% and 104% of the initial lignin present in lemon balm leaves
(Tables 1 and 3).

Table 3. Yield and chemical characterization of residue after subcritical water extraction (w/w%).

Constituents SWE100/10 SWE100/20 SWE150/10 SWE150/20

A. Yield of cell wall material, % 77.5 b ± 1.0 80.5 a ± 0.5 79.1 a ± 1.1 77.2 b ± 0.7

B. Yield of residue, % 71 a ± 1 66 b ± 1 53 c ± 0 48 d ± 0

C. Crude protein (N×6.25) 21.3 ab ± 0.5 21.2 b ± 0.2 21.8 a ± 0.1 21.2 b ± 0.1

Recovery, % 84 77 64 56

D. Total uronic acids 8.9 a ± 0.2 7.3 b ± 0.1 3.3 c ± 0.0 3.2 c ± 0.1

Recovery, % 116 89 32 28

E. Cellulose 7.9 c ± 0.6 7.3 c ± 0.2 9.3 a ± 0.1 8.7 b ± 0.1

Recovery, % 105 91 93 79

F. Lignin (Klason) 22.8 d ± 0.3 28.3 c ± 0.2 35.3 b ± 0.3 40.5 a ± 0.1

Recovery, % 88 99 100 104
Results are presented as mean values ± SD. There are no significant differences among values marked with the
same letters (a, b, c, d) within individual groups.

Table 4 presents data for the PS content and free sugars of the extracts, as well as the
total carbohydrate and uronic acid contents of isolated PSs. The total carbohydrate content
of the PSs varied between 31% (SWE100/10) and 66% (SWE150/10). The yield of PS nearly
doubled with an increase in the extraction duration and temperature. In addition, while
the carbohydrate content of PSs increased, that of the uronic acids decreased by 50%. Some
oligosaccharides (cellodextrins, etc.) released from water-insoluble or strongly cross-linked
polymers, such as cellulose, could be expected, as illustrated by the data in Table 3. The
SWE extracts contained representative amounts of uronic acids, which were suggested to
derive from pectic PSs. Therefore, a significant amount of the PSs in the samples was of
a pectic nature. It is obvious that more severe thermal-assisted decompositions occurred
during the extraction at 150 ◦C than at 100 ◦C. This can be also clearly seen from the
recovery data (Table 4). Judging by the content of uronic acids, it turns out that PSs
contained a very small part of the uronic acids present in the initial raw material-between
8% and 14% (Table 4, recovery data). This suggests that between 86% and 92% of the initial
uronic acid constituents should be recovered in the residues after extraction. However, as
shown in Table 3 and commented above, in the residues after SWE150/10 and SWE150/20
only 32% and 28% of the initial uronic acids were recovered. This is a clear indication
that the acidic PSs were destructed and passed in a form that did not allow them to be
precipitated by alcohol in the corresponding extract. Considering the data for the PS yield
and recovery of uronic acids (Tables 3 and 4), it may be concluded that 54% and respectively
64% of the uronic acids were in such a form, contained in the extract but not building the
corresponding PSs.
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Table 4. Polysaccharide content and sugar composition of lemon balm subcritical water extracts
(w/w%).

Constituents SWE100/10 SWE100/20 SWE150/10 SWE150/20

Polysaccharide, % * (g/100 mL extract) 2.0 d ± 0.0 (0.10) 2.6 c ± 0.1 (0.13) 3.2 b ± 0.1 (0.16) 3.6 a ± 0.1 (0.18)
Total carbohydrates of PS 31 d ± 0.5 37 c ± 0.3 66 a ± 0.8 49 b ± 0.1
Total uronic acids of PS 26 b ± 0.2 29 a ± 0.2 21 c ± 0.0 13 d ± 0.0
Recovery, % (100-%) 9.8 (90.2) 14.1 (85.9) 12.6 (87.4) 8.6 (91.4)

Glucose (Glc) 1.5 a ± 0.1 1.5 a ± 0.1 1.7 a ± 0.2 0.9 b ± 0.1
Fructose (Fru) 1.9 a ± 0.0 1.9 a ± 0.2 1.8 a ± 0.1 1.0 b ± 0.1
Sucrose (Suc) 1.0 a ± 0.1 1.1 a ± 0.0 0.8 ± b 0.0 0.2 c ± 0.0
Maltose (Mal) 0.2 b ± 0.0 0.1 c ± 0.0 0.2 b ± 0.0 0.4 a ± 0.0
Total 4.7 4.6 4.5 2.5

* calculated as a percent of initial plant material; Results are presented as mean values ± SD. There are no
significant differences among values marked with the same letters (a, b, c, d) within individual groups.

The main free sugars identified in the extracts were Glc, Fru, Suc, and Mal. Free
sugars remained unchanged at a lower temperature, but with an increase in temperature,
even for a short time, their total sum amount was drastically decreased. However, with
an increase in the duration of extraction, quantitative changes were observed not only in
disaccharides but also in the monosaccharides Glc and Fru, the amounts of which decreased
most probably due to thermal destruction. On the other hand, there was an increase in the
level of maltose, which is a key structural motif of amylose and maltodextrins. That was an
indication of the destruction of glucans of the starch type.

In general, the duration of the treatment at a higher temperature was extremely critical
for the recovery of the herbal carbohydrates in the SWE extracts. The enrichment of the
extracts with RA and PSs was achieved in SWE100/20 based on their yields. Interestingly,
bioactive herbal pectins can be useful for support of immune health, thus their presence
in the extracts is positive [64]. The evaluation of the content of free sugars in the SWE
extracts is essential from a nutritional point of view. It can evaluate their application in
functional and especially in dietary nutrition in case of certain health disorders. However,
SWE150/10 was characterized by a higher content of caffeic, neochlorogenic acids, and
luteolin (Table 2), as it expressed more potent antioxidant activity in vitro.

4. Conclusions

The current study indicates for the first time that SWE is an efficient technology for the
recovery of RA from lemon balm (Melissa officinalis) leaves, without the use of ethanol or
other organic solvents. The temperature of 100 ◦C was enough for the extraction of RA in
comparable amounts as with 50% ethanol. However, further elevation of temperature led
to thermal degradation of RA and thus decreased its recovery. In addition, a higher temper-
ature yielded higher amounts of dry extracts, which was due to increased degradation of
the constituents of primary cell walls (proteins, pectin, and cellulose). By modification of
SWE conditions, dry extracts with different purity and content of RA could be obtained.
Thus, it could be concluded that subcritical water enriches the obtained extract with other
substances native to the herb, such as proteins, sugars, oligosaccharides, PSs, etc. These
extracts could be used in the food industry as food antioxidants, or in the development
of food supplements and functional foods. However, further studies should investigate
whether these components affect the known biological activities of lemon balm extracts,
either positively or negatively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12040888/s1; Supplementary Figure S1. Chromatograms
from: (A) HPLC determination of rosmarinic acid (λ = 330 nm) in accordance to the pharmacopoeia
method described in Section 2.6; RT of rosmarinic acid—10.6 min: (B) HPLC determination of
phenolic compounds (λ = 280 nm) according to Section 2.7; RT: neochlorogenic acid—2.1 min; caffeic
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acid—4.8 min; rosmarinic acid—21.2 min; luteolin—31.3 min. Supplementary Figure S2. Recovery of
(A) Total polyphenols and (B) Rosmarinic acid from lemon balm dry leaves during continuous static
maceration. Results are presented as mean values ± standard deviation (SD). There are no significant
differences among values marked with the same letters within individual groups.
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