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Featured Application

This work provides a preliminary basis for understanding the behaviour of lemon balm-
derived polyphenols, including rosmarinic acid, in simulated gastrointestinal conditions.
The findings may contribute to future studies aimed at developing nutraceutical, functional
food, and phytopharmaceutical formulations. However, further in vivo and technological
studies are required before industrial applications can be proposed.

Abstract

This study aimed to evaluate how the dosage, type of herbal preparation (plant material,
dry extract, or isolated compound), along with simulated digestion-related factors, i.e.,
digestion stage (gastric vs. intestinal) and corresponding physicochemical and biochemical
environment, influence the in vitro bioaccessibility of lemon balm phytochemicals. Sim-
ulated in vitro digestion revealed that the bioaccessibility of rosmarinic acid (RA), total
phenolics, and antioxidant activity strongly depended on the application form, dose, and
digestion stage. Isolated RA exhibited the highest gastric in vitro bioaccessibility, which
markedly decreased during intestinal digestion. Dry extracts provided consistently higher
in vitro bioaccessibility of RA, TPC (Total Phenolic Content), ABTS (ABTS scavenging
activity), and FRAP (Ferric Reducing Antioxidant Power) than powdered plant material,
particularly at doses of ≥25 mg. Intestinal digestion enhanced the in vitro bioaccessibility
of phenolics and antioxidant activity from plant material under physicochemical conditions,
whereas biochemical digestion factors generally reduced in vitro bioaccessibility, especially
at lower doses. Overall, higher doses ensured more stable in vitro bioaccessibility across
all analysed parameters.

Keywords: lemon balm; rosmarinic acid; in vitro bioaccessibility; in vitro digestion; polyphenols

1. Introduction
Pro-health potential and phytopharmaceutical relevance of herbs and herbal products

are strongly dependent on the bioactivity of the contained substances. Bioactivity can be
defined as a specific biological effect (most commonly considered as beneficial) caused by
exposure to a given substance [1–3]. The biological response of cells, tissues, and conse-
quently whole organisms, upon uptake of a bioactive substance, besides its physicochemical
and physiological properties, is affected by its bioavailability and bioaccessibility [1,4–6].

With regard to oral administration, bioavailability describes the portion of an ingested
bioactive substance that is absorbed, in some cases metabolised, reaches the circulatory
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system, and is subsequently distributed to the sites of action, i.e., cells and tissues; whereas
bioaccessibility is defined as the portion of a substance that is released during digestion and
thus becomes available for absorption in the gastrointestinal tract. Therefore, bioaccessibil-
ity is often referred to as a major limiting factor determining the further fate of potentially
bioactive plant substances in the organism [6–10].

Bioaccessibility is the result of multiple factors influencing ingested substances, which
can be divided into digestion- and product-related factors. During digestion, changes
in the physicochemical and biochemical environment (e.g., pH variations and electrolyte
composition at consecutive stages of digestion, as well as the activity of digestive enzymes
and bile salts) can affect the stability of bioactive compounds and their release from the
food matrix into a bioaccessible form. In addition, the structure and composition of the food
matrix, through interactions of bioactive substances with low- and macromolecular food
matrix co-components, can also strongly influence compound stability and susceptibility to
release under digestive conditions [5,9,11–13].

Because human or animal studies on the bioaccessibility of bioactive substances are
ethically disputable and restrictive, as well as costly, labour-intensive, time-consuming,
complex, and technically demanding (e.g., the strict determination of only the “released
fraction” of an administered compound can be problematic due to its possible simulta-
neous absorption in vivo), in vitro digestion models mimicking the physicochemical and
biochemical conditions of the upper gastrointestinal tract have been developed and are
widely applied [8,14,15]. The application of in vitro digestion procedures allows, in a
relatively simple way, the screening assessment of the potential in vitro bioaccessibility of
plant substances with reasonable accuracy, repeatability, and reproducibility [4,14–16].

Lemon balm (Melissa officinalis L.) from the mint (Lamiaceae) family is a widely culti-
vated aromatic, culinary, and medicinal herb [17–20]. Due to its advantageous properties,
it has multidirectional applications in traditional cuisine and medicine, especially in the
Mediterranean region, as a functional food additive, food supplement, pharmaceutical
raw material, and cosmetic ingredient [21–24]. The most common ethnomedicinal uses
of lemon balm include the treatment of mental health conditions (e.g., anxiety, sadness,
sleep disturbances, and depression) and gastrointestinal tract complaints (e.g., flatulence,
spasms) [18,19,25]. Moreover, recent reports also indicate other beneficial pharmacological
effects, such as antimicrobial, antioxidant, antitumoral, cytoprotective, antinociceptive,
anti-inflammatory, hypoglycemic, and hypolipidemic activities, among others [19,22,26,27].
The therapeutic potential of lemon balm is mainly attributed to two major groups of sec-
ondary metabolites, i.e., essential oils and polyphenols, with essential oils being primarily
responsible for sedative and antimicrobial effects, and polyphenols for antioxidant and
antitumor activities [18,26–28]. The prevailing phenolic compound of lemon balm, and
other members of the mint family, is rosmarinic acid [22,29,30]. In addition to its wide
range of well-documented biological activities, its antitumor therapeutic potential has
recently been extensively investigated, and many promising pieces of evidence have been
reported [31–33]. Nevertheless, most of these findings originate from in vitro cell-line stud-
ies, in which cells are treated directly with isolated compounds or plant extracts, thus
bypassing the conventional route of oral administration and, consequently, bioaccessibil-
ity, bioavailability, and metabolic processes, which can significantly affect the expected
bioactivity in vivo.

The relevance of herbs and herbal products is often estimated solely based on bioactive
compound content, determined after simple “chemical” extraction, without consideration
of bioextractability and compound stability during digestion. Therefore, the determination
of bioaccessibility of bioactive substances, as well as the factors influencing it, allows for bet-
ter prediction of their biological potential [3,9,34,35]. Nevertheless, most previous studies
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have investigated selected determinants of the in vitro bioaccessibility of rosmarinic acid
and/or other lemon balm phytochemicals individually [36,37], while comparative informa-
tion on the influence of preparation type, dose, digestion stage, and digestive environment
remains limited. In particular, the relative contribution of physicochemical conditions and
biochemical digestive components to phytochemical release and stability during gastroin-
testinal digestion has not been sufficiently elucidated. To address this knowledge gap, the
present study evaluates the effects of these product- and digestion-related factors on the
in vitro bioaccessibility of lemon balm phytochemicals, with particular attention paid to
rosmarinic acid. Due to the pivotal role of bioaccessibility in shaping desired biological
effects, various strategies have been developed and implemented to increase the bioaccessi-
bility of rosmarinic acid and other bioactive substances, including the identification of the
most favourable form of herbal material administration, as different preparation methods
may significantly influence the bioaccessibility of bioactive compounds during digestion
and their subsequent biological efficacy [9,38,39].

Therefore, the objective of this study was to determine the effects of product-related fac-
tors, i.e., the type of herbal preparation (plant material, dry extract, and isolated compound)
and the administered dose, on the in vitro bioaccessibility of lemon balm phytochemicals,
with special emphasis on rosmarinic acid. In addition, the influence of digestion-related
factors, namely the digestion stage (gastric and intestinal) and the contribution of physic-
ochemical and biochemical digestive factors (treatment with or without bile salts and
digestive enzymes), was evaluated.

2. Materials and Methods
2.1. Reagents

HPLC-grade standard of rosmarinic acid [(R)-1-carboxy-2-(3,4-dihydroxyphenyl)ethyl
ester of 3,4-dihydroxycinnamic acid] from Rosmarinus officinalis L. (purity ≥ 98%) and
eluent components for chromatography, including acetonitrile and formic acid (HPLC
gradient grade), were obtained from Sigma–Aldrich (St. Louis, MO, USA). The main
simulated digestion reagents, i.e., hog pancreas α-amylase, porcine pepsin, pancreatin, and
bovine bile extract, as well as standards and reagents for total phenolic and antioxidant
assays—namely gallic acid (3,4,5-trihydroxybenzoic acid), Folin–Ciocalteu reagent, Trolox
[(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid], ABTS [2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt], iron(III) chloride, and TPTZ
(2,3,5-triphenyltetrazolium chloride)—were also purchased from the same supplier. All
additional chemicals were of at least analytical grade.

2.2. Botanical Material

Plants of lemon balm (Melissa officinalis L.) were cultivated on Luvisol soil in eastern
Poland (the Lublin Plateau) at the experimental farm of the University of Life Sciences in
Lublin. The plants were harvested in the second year of vegetation, at the inflorescence
bud formation stage, in August. After harvesting, the leaves were manually removed from
the stems. They were dried in a laboratory convection drying chamber (Binder GmbH,
Tuttlingen, Germany) at 35 ◦C for 48 h. The dried material was ground using a stainless-
steel batch mill (IKA M 20, IKA-Werke GmbH & Co., Staufen, Germany) and sieved to
obtain particles smaller than 1.0 mm. The ground plant material was stored in a multilayer
foil bag with a zipper at −20 ◦C until use.
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2.3. Phytochemical Extraction, Preparation, and Primary Characterisation of Lemon Balm
Dry Extracts

The extraction conditions were established based on preliminary studies in which
different solvent systems, extraction temperatures, extraction times, and solvent-to-material
ratios were evaluated with respect to rosmarinic acid recovery, total phenolic compounds
extraction, crude extract yield, and phytochemical stability during dry extract preparation.
The selected conditions represented a satisfactory compromise between extraction efficiency,
phytochemical stability, and efficient use of extraction time and solvent. Consequently,
phytochemicals from lemon balm were extracted using 80% (v/v) methanol in a three-stage
ultrasound-assisted extraction procedure. The extraction process was conducted at 40 ◦C
in an ultrasonic water bath (Sonic 3, POLSONIC Palczyński Sp. J., Warsaw, Poland). The
following successive extraction stages, differentiated by the solvent-to-botanical material
ratio (v/w) and extraction time, were applied: (I) solvent ratio 15 (v/w), time 60 min; (II)
solvent ratio 10 (v/w), time 30 min; (III) solvent ratio 5 (v/w), time 15 min.

Between each extraction stage, and at the end of the extraction process, supernatants
were separated by centrifugal sedimentation (10 min, 25 ◦C, 2504× g) using an MPW 350R
centrifuge (MPW Med. Instruments, Warsaw, Poland). Liquid fractions obtained after each
extraction step were combined and passed through a cellulose membrane filter using a
polypropylene filter funnel.

This extraction procedure was applied both for the determination of the initial phyto-
chemical content and antioxidant activity (Section 2.5) in plant material as well as for the
preparation of dry extracts.

To prepare lemon balm dry extracts, the solvent was removed under reduced pressure
using an RVO 400 rotary evaporator (INGOS, Prague, Czech Republic). The water bath
temperature of the rotary evaporator was set to 50 ◦C. Manual pressure adjustment was
applied to prevent foaming in the evaporation flask. Evaporation was completed within 2 h.
The obtained extract was weighed to calculate crude extract yield and the plant material-to-
extract ratio, manually scraped and crushed using a mortar and pestle to pass through a
0.8 mm mesh. The ground dry extract was stored in a multilayer foil bag with a zipper at
−20 ◦C until use. A flowchart summarising the preparation of lemon balm powder and
dry extract was provided as Supplementary Material (Figure S1).

To assess the potential loss of compounds during the drying process, a dry extract
sample was re-dissolved in 80% methanol (ultrasonic treatment, 40 ◦C, 15 min) and analysed
for phytochemical content and antioxidant activity (Section 2.5). Stability was expressed
as the percentage ratio of phytochemicals in the extract after drying (re-dissolved extract)
relative to the initial extract before drying (Table S1).

2.4. In Vitro Bioaccessibility Assessment
2.4.1. Study Concept

To determine the effects of plant matrix components and co-occurring compounds,
the dry extract and pure compound were applied at corresponding doses to powdered
plant material. Therefore, three types of samples were subjected to simulated digestion,
i.e., lemon balm powder, the obtained dry extract, and a chemical standard of rosmarinic
acid. In addition, they were applied at various doses to investigate dose-dependent effects
on in vitro bioaccessibility. The highest tested dose (100 mg) was selected as the reference
amount based on a tenfold reduction in the sample quantity recommended in the original
INFOGEST protocol, reflecting the lower amounts of dried herbal materials typically
consumed compared with conventional foods (Section 2.4.2). Lower doses (75, 50, 25,
and 10 mg) were subsequently defined as fractions of this reference dose to investigate
dose-dependent effects on in vitro bioaccessibility. Doses of dry extract and rosmarinic
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acid were calculated based on the dry extract yield and rosmarinic acid content in the
botanical material, respectively. The dry extract dose was calculated by multiplying the
dose of lemon balm powder (mg) by the extract yield (mg dry extract per mg of lemon
balm powder). The rosmarinic acid dose was calculated by multiplying the dose of lemon
balm powder (mg) by the content of rosmarinic acid in lemon balm powder (mg rosmarinic
acid per mg of lemon balm powder). The amounts of lemon balm powder, dry extract,
and rosmarinic acid subjected to simulated digestion are listed in Table 1. The data for
dry extract and rosmarinic acid represent the corresponding amounts of dry extract and
rosmarinic acid contained in the powdered plant material for each dose.

Table 1. Dosage of lemon balm powder, dry extract, and rosmarinic acid used for simulated digestion.

Lemon Balm Powder Dose (mg) Dry Extract Dose (mg) Rosmarinic Acid Dose (mg)

100 30.13 4.34
75 22.60 3.26
50 15.06 2.16
25 7.53 1.09
10 3.01 0.43

To determine the influence of physicochemical and biochemical digestion factors
on in vitro bioaccessibility, samples underwent physicochemical electrolytes treatment
(without enzymes and bile salts) or complete enzymatic digestion (with enzymes and bile
salts). Furthermore, the in vitro bioaccessibility was analysed after the main digestion
phases, i.e., gastric and intestinal digestion.

2.4.2. Simulated Digestion

For gastrointestinal digestion simulation, the INFOGEST static digestion model was
applied [40]. Regarding the specific character of the digested material, the following
minor modifications were introduced. Since the protocol was originally designed for
standard foods consumed in larger quantities, the starting material amount was reduced
tenfold [34,35]. Thus, it was assumed that 100 mg of lemon balm powder (or dry extract
and rosmarinic acid at corresponding doses) corresponds to 1 g of a typical food portion.
All other digestion parameters, including electrolyte composition, pH, enzyme activity,
bile salt concentration, incubation time, and temperature, were adopted from the original
protocol [40].

The protocol includes three sequential phases: oral, gastric, and intestinal digestion.
Succinctly, in the oral phase, lemon balm powder, the obtained dry extract, and rosmarinic
acid, at various dose levels, were mixed with 1 mL of simulated salivary fluid containing
α-amylase (75 U/mL) in an electrolyte solution (pH 7) and incubated for 2 min at 37 ◦C
with agitation. The gastric phase was initiated by adding 1 mL simulated gastric fluid
containing pepsin (2000 U/mL) and gastric lipase (60 U/mL) (pH 3), followed by incubation
at 37 ◦C for 2 h under continuous agitation. The intestinal phase involved the addition
of 2 mL simulated intestinal fluid containing pancreatin (100 U/mL, tryptic activity) and
bile salts (10 mM) (pH 7). Digestion was carried out at 37 ◦C for 2 h, after which digests
were centrifuged and ultrafiltered through a 5 kDa membrane to obtain the potentially
in vitro bioaccessible fraction for further analyses. In parallel, samples subjected only to
physicochemical treatment (without enzymes and bile salts) and blank samples (without
digested material) were prepared.

2.4.3. In Vitro Bioaccessibility Calculation

Despite the determination of the absolute amount of a compound or antioxidant
activity remaining after digestion in potentially in vitro bioaccessible fractions, the relative
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in vitro bioaccessibility expressed as the percentage of a compound or antioxidant activ-
ity relative to the initial content or activity was calculated [11]. The following formula
was used:

BA(%) =
BFPC(AA)

INPC(AA)
× 100% (1)

Abbreviations: BA (%)—percentage in vitro bioaccessibility, BFPC(AA)—phenolic con-
tent (PC) or antioxidant activity (AA) for the potentially in vitro bioaccessible fraction (BF)
(i.e., after digestion); INPC(AA)—initial (IN) phenolic content (PC) or antioxidant activity
(AA) (i.e., before digestion).

2.5. Phytochemical Analyses
2.5.1. Rosmarinic Acid Quantification by HPLC

Determination of rosmarinic acid was performed using an Agilent 1260 Infinity II
HPLC system (Agilent Technologies, Palo Alto, CA, USA) equipped with a quaternary
pump, thermostatted column compartment, autosampler, and diode-array detector (DAD).
Separation was achieved on an octadecyl-bonded (C18) silica gel column (particle size
5 µm, dimensions 250 mm × 4.6 mm) (Phenomenex, Torrance, CA, USA). The injection
volume was 10 µL, and the column temperature was set to 20 ◦C.

The mobile phases consisted of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v)
formic acid in acetonitrile (B), and were programmed as follows: 5% B from 0 to 1 min,
followed by a linear increase to 25% B at 4 min, which was maintained until 17 min. The
gradient was then increased to 100% B at 20 min and held at 100% B until 23 min, followed
by re-equilibration to 5% B by 26 min, which was maintained until 30 min. The flow rate
was 1.0 mL/min.

Chromatograms were acquired at 330 nm, and DAD spectra were recorded in the
range of 200–400 nm. Compound identification was based on comparison of retention
times and UV–V is spectra with those of the reference standard, while quantification was
performed using an external calibration curve.

2.5.2. Determination of Total Phenolic Content and In Vitro Antioxidant Activity

Total phenolic content was determined using the Folin–Ciocalteu assay [41]. Antiox-
idant activity was evaluated using the ABTS radical cation decolourization assay ([42])
and the ferric reducing antioxidant power assay [43]. All analyses were miniaturised and
performed in a 96-well microplate format. Spectrophotometric measurements were carried
out using an Epoch 2 microplate reader (BioTek Instruments, Winooski, VT, USA). Ab-
sorbance was measured at 765 nm, 734 nm, and 593 nm for the Folin–Ciocalteu, ABTS, and
FRAP assays, respectively. Gallic acid was used as the reference standard for total phenolic
content determination, while Trolox was used as the reference standard for antioxidant
activity evaluation.

2.6. Statistical Analysis

All experiments were conducted using three independent experimental replicates
(n = 3). Results are presented as mean ± standard deviation (SD). Statistical analyses
were conducted using multi-way analysis of variance (ANOVA) followed by Tukey’s
HSD post hoc test for multiple comparisons, with the level of statistical significance set at
p < 0.05. Data analysis was performed using Jamovi software (version 2.6; retrieved from
www.jamovi.org).
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3. Results
The phytochemical characterisation of plant material applied for the in vitro digestion

experiment is presented in Table 2.

Table 2. Characterisation of lemon balm powder and dry extract.

Parameter Lemon Balm
Powder

Lemon Balm
Dry Extract

Rosmarinic acid content (mg·g−1) 43.32 ± 0.41 142.24 ± 1.66

Total phenolic content (mg GAE·g−1) 111.71 ± 1.73 367.38 ± 5.59

ABTS scavenging activity (mg TE·g−1) 296.92 ± 3.63 967.22 ± 14.69

Ferric reducing antioxidant power (mg TE·g−1) 228.59 ± 3.35 712.89 ± 9.19

Dry extract yield (mg·g−1) - 301.30

Plant material to-extract ratio (g·g−1) 3.319 -
Abbreviations: GAE—gallic acid equivalents, TE—Trolox equivalents.

The extraction yield was 301.30 mg of dry extract per gram of plant material, which
corresponded to a plant material-to-extract ratio of 3.319 g·g−1, resulting in more than a
threefold higher content of the studied phytochemicals and antioxidant activity in the dry
extract compared with the powdered plant material. For example, the content of rosmarinic
acid increased more than threefold in the dry extract (142.24 mg·g−1) relative to the powder
(43.32 mg·g−1). A similar enrichment effect was observed for total phenolic content and an-
tioxidant capacity, assessed using ABTS radical scavenging and ferric reducing antioxidant
power (FRAP) assays.

Because some studies indicate that the conditions of the dry extract preparation
process, i.e., elevated temperatures, may induce compound degradation, especially of
polyphenols, the stability of phytochemicals during solvent evaporation was also deter-
mined (Table S1). The results indicate minimal losses of bioactive compounds throughout
the drying process. Rosmarinic acid and total phenolic content retained over 98% of their
initial values, while antioxidant activities measured by ABTS and FRAP assays remained
close to 98%.

The effects of the application form, dose, and simulated digestion environment on
the in vitro bioaccessible rosmarinic acid content (A) and its corresponding percentage
in vitro bioaccessibility (B) after gastric and gastrointestinal digestion are presented in
Figures 1 and 2, respectively.

The results show differences in in vitro bioaccessibility depending on the digestion
stage (gastric and intestinal), digestion environment (electrolyte treatment or complete
digestion process), form of administration (isolated rosmarinic acid, lemon balm powder,
or dry extract), and dose.

In the case of gastric digestion, the highest in vitro bioaccessibility was observed when
rosmarinic acid was applied in the form of an isolated compound. For RA samples, de-
pending on the treatment (E RA vs. D RA) and dose, the percentage in vitro bioaccessibility
ranged from 93.89% to 98.99%. A slight but statistically insignificant negative effect of the
application of biochemical factors (D RA), compared with electrolyte treatment only (E
RA), was found, i.e., 96.57–98.99% for E RA and 93.89–96.02% for D RA for 5–100 mg doses,
respectively.

Lower, but still relatively high, in vitro bioaccessibility, especially at higher doses,
was observed for dry extracts (DE), where, depending on the treatment and dose, the
percentage in vitro bioaccessibility ranged from 66.65% to 91.06%. Similarly, the applica-
tion of biochemical factors during digestion negatively influenced in vitro bioaccessibility
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(77.39–91.06% for E DE and 66.65–87.00% for D DE, for 5–100 mg doses, respectively);
however, in this case, for lower doses (5–10 mg), this effect was statistically significant.

In contrast to the results obtained for the isolated compound and dry extracts, the per-
centage in vitro bioaccessibility of rosmarinic acid from lemon balm powder was relatively
low and ranged from 4.69% to 38.19%, depending on the treatment and dose. Interestingly,
the application of biochemical factors in most cases significantly increased the percentage
in vitro bioaccessibility (4.69–25.75% for E PD and 8.84–38.19% for D PD for 5–100 mg
doses, respectively).

Figure 1. Influence of application form, dosage, and simulated gastrointestinal conditions on the
in vitro bioaccessible content of rosmarinic acid (A) and its relative in vitro bioaccessibility (%)
(B) following gastric digestion. Bars represent the mean values ± SD. Means indicated by different
lowercase letters differ significantly (p < 0.05). Abbreviations: IN PD—initial (pre-digestion) sample
of lemon balm powder; E PD—lemon balm powder after electrolyte treatment; D PD—lemon
balm powder after digestion; IN DE—initial (pre-digestion) sample of lemon balm dry extract;
E DE—lemon balm dry extract after electrolyte treatment; D DE—lemon balm dry extract after
digestion; IN RA—initial (pre-digestion) sample of rosmarinic acid; E RA—rosmarinic acid after
electrolyte treatment; D RA—rosmarinic acid after digestion.
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Figure 2. Influence of application form, dosage, and simulated gastrointestinal conditions on the
in vitro bioaccessible content of rosmarinic acid (A) and its relative in vitro bioaccessibility (%)
(B) following intestinal digestion. Bars represent the mean values ± SD. Means indicated by different
lowercase letters differ significantly (p < 0.05). Note: The abbreviations are used as in Figure 1.

Compared with gastric digestion, at the intestinal stage of digestion, the percent-
age in vitro bioaccessibility of rosmarinic acid administered in pure form significantly
decreased (by approximately 20–25 percentage points) and ranged from 72.22% to 78.09%,
depending on the dose and treatment. In addition, slightly higher in vitro bioaccessibility
was observed after electrolyte treatment only, in comparison with the complete digestion
process; however, these differences were not statistically significant (73.85–78.09% for E RA
and 72.22–77.15% for D RA, for 5–100 mg doses, respectively).

After intestinal digestion, the in vitro bioaccessibility of rosmarinic acid from dry ex-
tracts decreased compared with gastric digestion; however, statistically significant changes
were observed only in the case of electrolyte treatment (in vitro bioaccessibility for E DE
ranged from 61.71% to 84.16% for 5–100 mg doses, respectively), and these changes were
less pronounced than in the case of the pure compound (E RA). When biochemical factors
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were applied (D DE), the percentage in vitro bioaccessibility decreased only insignificantly
and ranged from 61.48% to 83.84% for 5–100 mg doses, respectively.

The intestinal physicochemical environment (E PD) positively influenced the in vitro
bioaccessibility of rosmarinic acid from lemon balm powder, which significantly increased
compared with gastric digestion (25.40–41.93% for 5–100 mg doses, respectively); however,
the application of biochemical factors (D PD) led to a decrease in in vitro bioaccessibility,
which ranged from 13.43% to 30.49% for 5–100 mg doses, respectively. In comparison with
gastric digestion, the intestinal in vitro bioaccessibility of D PD samples at higher doses
(25–100 mg) was lower, for 10 mg samples it remained at a similar level, whereas for the
lowest dose (5 mg) it was significantly higher.

In general, for both gastric and intestinal digestion, the application of higher doses of
rosmarinic acid, especially in the range of 25–100 mg, allowed the maintenance of relatively
stable in vitro bioaccessibility, whereas further dose reduction resulted in decreased in vitro
bioaccessibility, which was most pronounced at the 5 mg dose.

Table 3 presents the effects of application form, dosage, and simulated digestion condi-
tions on the total phenolics content and its corresponding percentage in vitro bioaccessibility.

Table 3. Effects of application form, dosage, and simulated digestion conditions on the total phenolics
content and its corresponding percentage in vitro bioaccessibility.

Gastric Digestion

Dose 100 75 50 25 10 5

To
ta

lp
he

no
lic

co
nt

en
t

(m
g

G
A

E/
do

se
)

IN PD 11.17 ± 0.17 a 8.38 ± 0.13 d 5.59 ± 0.09 h 2.79 ± 0.04 l 1.12 ± 0.02 op 0.56 ± 0.01 r

E PD 5.91 ± 0.06 g 4.33 ± 0.04 i 2.89 ± 0.03 l 1.25 ± 0.01 o 0.46 ± 0.01 rs 0.18 ± 0.00 t

D PD 5.04 ± 0.07 i 3.75 ± 0.06 k 2.44 ± 0.03 n 1.07 ± 0.01 op 0.31 ± 0.01 st 0.08 ± 0.00 t

IN DE 11.07 ± 0.17 a 8.30 ± 0.13 d 5.53 ± 0.08 h 2.77 ± 0.04 lm 1.11 ± 0.02 op 0.55 ± 0.01 r

E DE 10.00 ± 0.12 b 7.59 ± 0.09 e 5.00 ± 0.05 i 2.54 ± 0.04 mn 0.95 ± 0.02 p 0.38 ± 0.02 rst

D DE 9.67 ± 0.14 c 7.16 ± 0.10 f 4.94 ± 0.06 i 2.47 ± 0.04 n 0.97 ± 0.02 p 0.37 ± 0.02 rst

Bi
oa

cc
es

si
bi

lit
y

(%
)

E PD 52.90 ± 1.40 c 51.74 ± 1.29 cd 51.74 ± 1.33 cd 44.66 ± 1.11 e 41.03 ± 1.17 e 33.05 ± 1.41 fg

D PD 45.13 ± 1.37 de 44.76 ± 1.40 e 43.69 ± 1.13 e 38.39 ± 1.03 ef 27.90 ± 1.00 g 14.52 ± 1.03 h

E DE 90.40 ± 2.47 a 91.40 ± 2.48 a 90.37 ± 2.34 a 91.97 ± 2.99 a 85.41 ± 2.91 a 69.07 ± 3.82 b

D DE 87.42 ± 2.58 a 86.21 ± 2.47 a 89.24 ± 2.39 a 89.29 ± 2.95 a 87.97 ± 2.86 a 67.34 ± 3.77 b

Intestinal Digestion

Dose 100 75 50 25 10 5

To
ta

lp
he

no
lic

co
nt

en
t

(m
g

G
A

E/
do

se
)

IN PD 11.17 ± 0.17 a 8.38 ± 0.13 d 5.59 ± 0.09 f 2.79 ± 0.04 i 1.12 ± 0.02 l 0.56 ± 0.01 mno

E PD 11.26 ± 0.16 a 8.29 ± 0.10 de 5.44 ± 0.06 fg 2.74 ± 0.04 ij 0.91 ± 0.01 lm 0.39 ± 0.01 nop

D PD 11.25 ± 0.14 a 8.28 ± 0.13 de 5.33 ± 0.10 fg 2.49 ± 0.04 jk 0.71 ± 0.01 m 0.28 ± 0.01 op

IN DE 11.07 ± 0.17 ab 8.30 ± 0.13 de 5.53 ± 0.08 f 2.77 ± 0.04 ij 1.11 ± 0.02 l 0.55 ± 0.01 mno

E DE 10.87 ± 0.11 bc 8.02 ± 0.13 e 4.99 ± 0.09 h 2.37 ± 0.04 k 0.65 ± 0.01 mn 0.23 ± 0.01 p

D DE 10.65 ± 0.16 c 8.01 ± 0.10 e 5.17 ± 0.07 gh 2.34 ± 0.03 k 0.64 ± 0.02 mn 0.23 ± 0.01 p

Bi
oa

cc
es

si
bi

lit
y

(%
)

E PD 100.84 ± 3.01 a 98.97 ± 2.73 a 97.37 ± 2.66 abc 98.01 ± 2.86 ab 81.29 ± 2.42 f 70.32 ± 2.49 g

D PD 100.70 ± 2.85 a 98.82 ± 3.09 a 95.45 ± 3.31 abc 89.03 ± 2.82 cdef 63.19 ± 2.12 gh 50.75 ± 2.39 ij

E DE 98.20 ± 2.48 ab 96.58 ± 3.03 abc 90.17 ± 2.96 bc 85.71 ± 2.73 def 58.82 ± 1.84 hi 42.46 ± 2.05 jk

D DE 96.27 ± 2.91 abc 96.56 ± 2.69 abc 93.36 ± 2.64 abcd 84.62 ± 2.32 ef 57.72 ± 2.52 hi 40.90 ± 2.57 k

Values are expressed as means ± SD. Different superscript lowercase letters within each parameter (total phenolic
content or bioaccessibility) indicate statistically significant differences (p < 0.05). Note: The abbreviations are used
as in Figure 1.

Similarly to rosmarinic acid content, the in vitro bioaccessibility of total polyphenols
varied depending on the applied experimental factors. In vitro bioaccessibility was dose-
dependent; it was maintained at a relatively similar level, especially for doses higher than
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25 mg, decreased for lower doses, and was lowest for the 5 mg dose. Application of the dry
extract for gastric digestion, especially at doses higher than 5 mg, allowed one to obtain
relatively high in vitro bioaccessibility of total polyphenols, which ranged from 69.07%
to 90.40% and from 67.34% to 87.42% for 5–100 mg samples after electrolytes treatment
(E DE) and complete digestion process (D DE), respectively. In this case, the application
of biochemical factors slightly but statistically insignificantly reduced the determined
in vitro bioaccessibility.

In turn, digestion of lemon balm phytochemicals with the solid-state plant matrix
(lemon balm powder) resulted in significantly lower in vitro bioaccessibilities, which
ranged from 33.05% to 52.90% for 5–100 mg samples after electrolytes treatment (E PD), and
from 14.52% to 45.13% for samples after complete digestion (D PD), respectively. In this
case, the negative effect of the application of biochemical digestion components was much
more prominent, and for most samples, the observed in vitro bioaccessibility reduction
was statistically significant.

Intestinal digestion, compared to gastric digestion, significantly increased polyphenol
in vitro bioaccessibility from plant material, which ranged from 70.32% to 100.84% and
from 50.75% to 100.70% for 5–100 mg samples after electrolytes treatment (E PD) and
complete digestion process (D PD), respectively. For corresponding doses and treatments,
the determined in vitro bioaccessibility for lemon balm powder was even higher than that
observed for dry extracts, which ranged from 42.46% to 98.20% and 40.90% to 96.56%
for samples after electrolytes treatment (E DE) and complete digestion process (D DE),
respectively. Intestinal biochemical factors had a significant negative effect on polyphenol
in vitro bioaccessibility, mainly for 5–25 mg doses, for which a statistically significant
reduction was found.

In the case of dry extract, the effect of the digestion stage was more complex. Compared
to gastric digestion, intestinal digestion improved the in vitro bioaccessibility of total
polyphenols from dry extracts at higher doses, i.e., 75 and 100 mg; at the 50 mg dose, it was
relatively similar, at 25 mg it was slightly lower, and it was significantly lower for the lowest
doses, i.e., 5 and 10 mg. Similarly to the gastric digestion of dry extracts, the negative effect
of the application of biochemical factors was slight and statistically insignificant.

The effect of experimental factors on ABTS scavenging activity and the corresponding
in vitro bioaccessibility is shown in Table 4.

Table 4. Effects of application form, dosage, and simulated digestion conditions on the ABTS
scavenging activity and its corresponding percentage in vitro bioaccessibility.

Gastric Digestion

Dose 100 75 50 25 10 5

A
BT

S
an

ti
ra

di
ca

la
ct

iv
it

y
(m

g
T

E/
do

se
)

IN PD 29.69 ± 0.36 a 22.27 ± 0.27 b 14.85 ± 0.18 ef 7.42 ± 0.09 j 2.97 ± 0.04 m 1.48 ± 0.02 no

E PD 12.63 ± 0.15 g 9.36 ± 0.09 i 6.17 ± 0.09 k 2.77 ± 0.05 m 1.06 ± 0.01 opr 0.48 ± 0.02 rs

D PD 14.29 ± 0.22 f 10.64 ± 0.17 h 6.98 ± 0.12 j 3.34 ± 0.05 m 1.13 ± 0.02 nop 0.41 ± 0.02 s

IN DE 29.14 ± 0.44 a 21.86 ± 0.33 b 14.57 ± 0.22 ef 7.29 ± 0.11 j 2.91 ± 0.04 m 1.46 ± 0.02 no

E DE 20.69 ± 0.34 c 15.78 ± 0.23 d 10.43 ± 0.18 h 5.16 ± 0.09 l 1.71 ± 0.05 n 0.48 ± 0.02 rs

D DE 20.33 ± 0.38 c 15.00 ± 0.27 e 10.07 ± 0.14 h 4.93 ± 0.09 l 1.65 ± 0.05 no 0.54 ± 0.02 prs

Bi
oa

cc
es

si
bi

lit
y

(%
)

E PD 42.55 ± 1.02 cdef 42.03 ± 0.93 defg 41.58 ± 1.13 efg 37.29 ± 1.11 fghi 35.66 ± 0.92 hi 32.06 ± 1.65 ij

D PD 48.12 ± 1.34 c 47.78 ± 1.36 cd 47.02 ± 1.35 cde 45.00 ± 1.20 cde 38.10 ± 0.98 fgh 27.51 ± 1.61 j

E DE 71.03 ± 2.23 a 72.23 ± 2.13 a 71.58 ± 2.34 a 70.83 ± 2.26 a 58.83 ± 2.71 b 33.11 ± 2.03 hij

D DE 69.78 ± 2.37 a 68.64 ± 2.28 a 69.14 ± 2.00 a 67.71 ± 2.23 a 56.59 ± 2.59 b 36.76 ± 2.04 ghi
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Table 4. Cont.

Intestinal Digestion

Dose 100 75 50 25 10 5

A
BT

S
an

ti
ra

di
ca

la
ct

iv
it

y
(m

g
T

E/
do

se
)

IN PD 29.69 ± 0.36 a 22.27 ± 0.27 bc 14.85 ± 0.18 h 7.42 ± 0.09 k 2.97 ± 0.04 n 1.48 ± 0.02 o

E PD 22.62 ± 0.42 b 16.77 ± 0.33 f 10.83 ± 0.22 i 5.05 ± 0.12 l 1.45 ± 0.06 o 0.44 ± 0.04 pr

D PD 22.46 ± 0.51 bc 16.47 ± 0.27 f 10.65 ± 0.18 i 4.95 ± 0.08 l 1.40 ± 0.02 o 0.42 ± 0.02 pr

IN DE 29.14 ± 0.44 a 21.86 ± 0.33 c 14.57 ± 0.22 h 7.29 ± 0.11 k 2.91 ± 0.04 n 1.46 ± 0.02 o

E DE 20.92 ± 0.25 d 15.56 ± 0.18 g 10.08 ± 0.13 i 4.99 ± 0.07 l 1.11 ± 0.03 op 0.30 ± 0.02 r

D DE 20.11 ± 0.42 e 14.73 ± 0.25 h 9.14 ± 0.14 j 3.74 ± 0.11 m 0.90 ± 0.04 opr 0.24 ± 0.02 r

Bi
oa

cc
es

si
bi

lit
y

(%
)

E PD 76.20 ± 2.36 a 75.30 ± 2.40 ab 72.98 ± 2.35 abcd 68.09 ± 2.51 cde 48.95 ± 2.46 f 29.70 ± 3.02 h

D PD 75.68 ± 2.64 ab 73.95 ± 2.11 abc 71.74 ± 2.07 abcd 66.75 ± 1.89 de 47.11 ± 1.26 f 28.62 ± 1.82 h

E DE 71.81 ± 1.96 abcd 71.23 ± 1.91 abcd 69.21 ± 1.98 bcde 68.50 ± 1.98 cde 38.11 ± 1.70 g 20.56 ± 1.34 i

D DE 69.03 ± 2.14 bcde 67.42 ± 2.46 de 62.78 ± 2.52 e 51.36 ± 2.27 f 30.98 ± 1.54 h 16.56 ± 1.15 i

Values are expressed as means ± SD. Different superscript lowercase letters within each parameter (ABTS
antiradical activity or in vitro bioaccessibility) indicate statistically significant differences (p < 0.05). Note: The
abbreviations are used as in Figure 1.

In vitro bioaccessibility varied depending on the form of application, dose, and di-
gestion conditions. Analogously to the total phenolic content, gastric digestion of the dry
extract resulted in higher in vitro bioaccessibility values than those of the powdered plant
material. After electrolyte treatment (E DE), in vitro bioaccessibility ranged from 33.11%
to 72.23%, whereas the application of biochemical digestion factors (D DE) resulted in
in vitro bioaccessibility values ranging from 36.76% to 69.78% for samples of 5–100 mg.
In both cases, in vitro bioaccessibility remained relatively stable at doses of 25–100 mg,
while a substantial decrease was observed at lower doses, particularly at 5 mg. Under these
conditions, the application of biochemical digestion factors had only a slight and mostly
statistically insignificant effect on the determined in vitro bioaccessibility.

In contrast, the application of powdered plant material for gastric digestion resulted
in significantly lower in vitro bioaccessibility values. In vitro bioaccessibility ranged from
32.06% to 42.55% and from 27.51% to 48.12% for samples after electrolyte treatment (E
PD) and complete digestion (D PD), respectively. The application of biochemical digestion
factors slightly increased in vitro bioaccessibility at higher doses (25–100 mg), but led to a
pronounced decrease at the lowest dose (5 mg).

A marked increase in antioxidant in vitro bioaccessibility for plant material was ob-
served during intestinal digestion compared with gastric digestion. After electrolyte
treatment (E PD), very high and relatively dose-independent in vitro bioaccessibility values
were observed, ranging from 91.63% to 101.59% for doses of 5–100 mg. The application of
complete digestion conditions (D PD) resulted in a strong, dose-dependent reduction in
in vitro bioaccessibility, which ranged from 28.62% to 75.68% for 5–100 mg doses, with the
most pronounced decreases observed at the lowest doses.

For dry extracts, intestinal electrolyte treatment (E DE) resulted in in vitro bioaccessi-
bility values comparable to or slightly lower than those obtained during gastric digestion
at higher doses (25–100 mg), ranging from 68.50% to 71.81%, whereas a pronounced re-
duction was observed at lower doses, i.e., from 20.56% to 38.11% for 5–10 mg samples.
The application of complete digestion conditions (D DE) further decreased the determined
in vitro bioaccessibility across all doses, with the strongest negative effect observed for
5–10 mg samples, and values ranged from 16.56% to 69.03% for 5–100 mg samples. Overall,
consistent with previous observations, intestinal biochemical factors exerted a significant
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negative effect on the in vitro bioaccessibility of compounds from dry extracts, particularly
at lower doses.

The influence of dose, application form, and digestion stage on ferric reducing power
and the corresponding in vitro bioaccessibility was presented in Table 5.

Table 5. Effects of application form, dosage, and simulated digestion conditions on ferric reducing
power and its corresponding percentage in vitro bioaccessibility.

Gastric Digestion

Dose 100 75 50 25 10 5

Fe
rr

ic
re

du
ci

ng
po

w
er

(m
g

TE
/d

os
e)

PD 22.86 ± 0.33 a 17.14 ± 0.25 c 11.43 ± 0.17 g 5.71 ± 0.08 n 2.29 ± 0.03 s 1.14 ± 0.02 tu

E PD 8.89 ± 0.16 j 6.58 ± 0.08 m 4.29 ± 0.08 p 1.97 ± 0.02 s 0.75 ± 0.01 uvw 0.35 ± 0.01 vw

D PD 9.64 ± 0.18 i 7.12 ± 0.10 kl 4.76 ± 0.07 o 2.25 ± 0.02 s 0.82 ± 0.01 uv 0.33 ± 0.01 w

DE 21.48 ± 0.28 b 16.11 ± 0.21 d 10.74 ± 0.14 h 5.37 ± 0.07 n 2.15 ± 0.03 s 1.07 ± 0.01 tu

E DE 14.67 ± 0.15 e 10.94 ± 0.22 h 7.41 ± 0.10 k 3.74 ± 0.05 r 1.44 ± 0.03 t 0.63 ± 0.02 vw

D DE 13.96 ± 0.20 f 10.69 ± 0.20 h 6.93 ± 0.09 lm 3.51 ± 0.07 r 1.35 ± 0.04 t 0.59 ± 0.03 vw

Bi
oa

cc
es

si
bi

lit
y

(%
)

E PD 38.92 ± 1.26 ef 38.38 ± 1.04 ef 37.53 ± 1.25 efg 34.52 ± 0.93 gh 32.68 ± 1.05 ghi 30.74 ± 1.18 hi

D PD 42.16 ± 1.41 e 41.53 ± 1.20 e 41.65 ± 1.26 e 39.43 ± 1.00 ef 35.87 ± 1.04 fgh 28.79 ± 1.67 i

E DE 68.31 ± 1.59 ab 67.91 ± 2.26 ab 68.99 ± 1.80 a 69.62 ± 1.80 a 66.89 ± 2.17 ab 59.01 ± 2.65 cd

D DE 65.02 ± 1.78 ab 66.35 ± 2.07 ab 64.56 ± 1.71 ab 65.44 ± 2.11 ab 62.96 ± 2.58 bc 55.11 ± 3.09 d

Intestinal Digestion

Dose 100 75 50 25 10 5

Fe
rr

ic
re

du
ci

ng
po

w
er

(m
g

TE
/d

os
e)

IN PD 22.86 ± 0.33 a 17.14 ± 0.25 f 11.43 ± 0.17 k 5.71 ± 0.08 p 2.29 ± 0.03 u 1.14 ± 0.02 v

E PD 17.34 ± 0.28 f 11.80 ± 0.22 k 7.56 ± 0.13 o 3.73 ± 0.04 t 1.27 ± 0.02 v 0.43 ± 0.02 x

D PD 20.67 ± 0.30 c 15.02 ± 0.19 h 9.87 ± 0.11 m 4.55 ± 0.07 r 1.30 ± 0.02 v 0.48 ± 0.01 x

IN DE 21.48 ± 0.28 b 16.11 ± 0.21 g 10.74 ± 0.14 l 5.37 ± 0.07 p 2.15 ± 0.03 u 1.07 ± 0.01 v

E DE 19.33 ± 0.29 d 14.35 ± 0.18 i 9.45 ± 0.13 mn 4.39 ± 0.06 rs 1.13 ± 0.02 v 0.43 ± 0.01 x

D DE 18.78 ± 0.29 e 13.71 ± 0.16 j 9.10 ± 0.15 n 3.99 ± 0.05 st 1.04 ± 0.02 v 0.40 ± 0.02 x

Bi
oa

cc
es

si
bi

lit
y

(%
)

E PD 75.87 ± 2.33 de 68.85 ± 2.28 fg 66.15 ± 2.11 g 65.25 ± 1.61 g 55.74 ± 1.63 h 37.33 ± 1.95 k

D PD 90.45 ± 2.63 a 87.65 ± 2.37 ab 86.38 ± 2.23 ab 79.60 ± 2.44 cde 57.01 ± 1.82 h 42.19 ± 1.37 jk

E DE 90.01 ± 2.50 a 89.12 ± 2.25 a 87.97 ± 2.34 ab 81.77 ± 2.20 bcd 52.79 ± 1.54 hi 39.78 ± 1.34 k

D DE 87.46 ± 2.50 ab 85.10 ± 2.06 abc 84.77 ± 2.51 abc 74.27 ± 1.97 ef 48.61 ± 1.62 ij 37.02 ± 2.15 k

Values are expressed as means ± SD. Different superscript lowercase letters within each parameter (ferric reducing
power or in vitro bioaccessibility) indicate statistically significant differences (p < 0.05). Note: The abbreviations
are used as in Figure 1.

Gastric digestion of the dry extract resulted in substantially higher in vitro bioaccessi-
bility values compared to the powdered plant material. After electrolyte treatment (E DE),
in vitro bioaccessibility ranged from 59.01% to 69.62%, while the application of complete
digestion conditions (D DE) yielded slightly lower values, ranging from 55.11% to 66.35%.
In vitro bioaccessibility remained relatively stable at doses of 25–100 mg, whereas the most
notable decrease was observed at the lowest dose (5 mg). The application of biochemical
digestion factors had a slight but mostly statistically insignificant effect on the in vitro
bioaccessibility of the dry extract.

In contrast, gastric digestion of powdered plant material resulted in considerably
lower in vitro bioaccessibility values. After electrolyte treatment (E PD), antioxidant in vitro
bioaccessibility ranged from 30.74% to 38.92%, and after complete digestion (D PD), from
28.79% to 42.16% for 5–100 mg doses, respectively. While the application of biochemical
digestion factors slightly increased in vitro bioaccessibility at higher doses (10–100 mg), a
statistically insignificant reduction was observed at the lowest dose (5 mg).
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During intestinal digestion, antioxidant in vitro bioaccessibility for powdered plant
material increased markedly compared to gastric digestion, independently of the treatment
applied. After electrolyte treatment (E PD), in vitro bioaccessibility ranged from 37.33%
to 75.87% for 5–100 mg doses, showing a dose-dependent trend. The application of bio-
chemical digestion factors (D PD) resulted in bioaccessibility values ranging from 42.19%
to 90.45% for 5–100 mg doses. In vitro bioaccessibility increased for 10–100 mg doses, with
a statistically significant influence observed for 25–100 mg doses. For the lowest dose, no
significant effect of biochemical digestion components was observed.

For dry extracts, intestinal in vitro bioaccessibility after electrolyte treatment (E DE)
ranged from 39.78% to 90.01%, whereas after complete intestinal digestion (D DE), in vitro
bioaccessibility ranged from 37.02% to 87.46% for 5–100 mg samples, respectively. Overall,
intestinal biochemical factors exerted a significant negative impact on antioxidant in vitro
bioaccessibility, particularly at lower doses, while higher doses maintained relatively
high in vitro bioaccessibility values. In the case of the dry extract, compared to gastric
digestion, both physicochemical and biochemical simulated intestinal environments exerted
a positive effect on in vitro bioaccessibility at 25–100 mg doses, whereas an adverse effect
was observed for the lowest doses (5 and 10 mg).

4. Discussion
4.1. Phytochemical Characterisation of Herbal Materials

Medicinal plants can be processed into various herbal products. Most commonly, they
are used in a dried form, which is relatively easy to obtain. Alternatively, the extraction
and separation of bioactive compounds from the solid plant matrix enable the production
of more concentrated and easier-to-apply preparations, such as dry extracts. From a
nutraceutical perspective, dietary administration of minimally processed plant material, as
opposed to extracts, may theoretically provide the organism with a more complex mixture
of bioactive compounds. This is due to extraction-related limitations, including solvent-
and process-dependent solubility and extractability of compounds, as well as the potential
degradation of sensitive constituents during extraction [35,44,45].

Phytochemical characterisation of the studied herbal materials (Table 2) confirmed
literature evidence indicating that lemon balm is an abundant source of total polyphenols,
mainly rosmarinic acid, and exhibiting strong antioxidant properties [18,46–48].

Rosmarinic acid was therefore selected as the principal marker compound due to
its high abundance in lemon balm and its well-documented contribution to the overall
biological activity of Lamiaceae plants, where it is commonly used as a representative
phytochemical [5,47,49].

The contents of rosmarinic acid, total phenolics, and antioxidant activity obtained
in this study (Table 2) fall within the ranges reported in previous reviews and research
studies. Specifically, depending on the origin of the plant material, genetic diversity, and
extraction conditions, rosmarinic acid levels in Lamiaceae plants have been reported to
range from a few to several dozen mg·g−1 dry weight of plant material [48–52], which
is consistent with the results obtained in the present study (43.32 mg·g−1) (Table 2). For
example, Shekarchi et al. reported rosmarinic acid concentrations ranging from 0 to
58.5 mg·g−1 dry matter among 29 Lamiaceae species, whereas the rosmarinic acid content
in lemon balm was 36.5 mg·g−1 [50]. In the study by Sik et al., the determined content
of rosmarinic acid in six Lamiaceae species, under optimal extraction conditions, ranged
from 9.7 to 38.8 mg·g−1 [49]. For lemon balm, it was 28.6 mg·g−1 [49]. Tülek et al. reported
a rosmarinic acid content in lemon balm of 20.6 mg·g−1 [48], whereas in the study by
Caleja et al., the yield of rosmarinic acid from lemon balm ranged from 49.4 to 86.3 mg·g−1

depending on the extraction technique and applied parameters [51]. Furthermore, the
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study by Kittler et al. indicated considerable variability in rosmarinic acid content among
lemon balm genotypes and across cultivation seasons, with values ranging from 36.7 to
80.7 mg·g−1 [52].

The total phenolic content determined in the present study for lemon balm powder
(111.71 mg GAE·g−1) (Table 2) was also within the range of values reported previously. For
example, Sadowska et al. reported total phenolic content ranging from 66.48 to 181.02 mg
GAE·g−1 depending on the extraction solvent and preparation method [53], while Tülek
et al. obtained values ranging from 31.74 to 63.65 mg GAE·g−1 depending on the extraction
parameters [48]. In contrast, Petkova et al. reported lower values, depending on lemon
balm growing conditions and extraction conditions, ranging between 3.30 and 25.18 mg
GAE·g−1 [54]. The relatively high phenolic content observed in the present study may be
attributed not only to differences in plant origin, environmental factors affecting secondary
metabolite accumulation, profile, and extraction conditions, but also to the experimental
approach used.

Similarly, the variability in the results reported in the literature, likely resulting from
the factors mentioned above, may also explain differences in antioxidant activity parame-
ters. The antioxidant activity of the analysed lemon balm extract, expressed as ABTS radical
scavenging activity and ferric reducing antioxidant power (FRAP), was 296.92 mg TE·g−1

and 228.59 mg TE·g−1, respectively (Table 2). For example, Sadowska et al. reported ABTS
values ranging from 95 to 143 mg TE·g−1 and FRAP values between 320.23 and 693.45 mg
TE·g−1 for different extracts [53]. Tülek et al. obtained ABTS antioxidant capacity values
ranging from 53.30 to 90.30 mg TE·g−1 depending on the extraction conditions; however,
FRAP activity was not measured [48]. Petkova et al. reported ABTS values ranging from
31.4 to 161.19 mg TE·g−1 and FRAP values between 38.80 and 118.29 mg TE·g−1, which
were influenced by lemon balm cultivation conditions and extract type [54].

The preparation of a dry extract from lemon balm powder enables the acquisition
of a more concentrated herbal preparation, resulting in more than a threefold increase
in the content of the analysed phytochemicals and overall antioxidant capacity (Table 2).
The dry extract exhibited a particularly high rosmarinic acid content of 142.24 mg·g−1 of
dry extract, a total phenolic content of 367.38 mg GAE·g−1 of dry extract, and antioxidant
activity, including ABTS radical scavenging activity of 967.22 mg TE·g−1 of dry extract and
ferric reducing antioxidant power of 712.89 mg TE·g−1 of dry extract. These values were in
general higher than those reported in other studies on lemon balm extracts. For example, in
the study of Draginić et al., rosmarinic acid content ranged from 42.38 to 109.44 mg·g−1 [55],
whereas in the study of Atanasova et al. it ranged from 23.6 to 55.5 mg·g−1 [47], depending
on the extraction solvent and technique. Atanasova et al. also reported total phenolic
content at levels from 261.02 to 309.33 mg GAE·g−1; however, ABTS and FRAP assays
were not evaluated [47]. Due to the limited availability of directly comparable ABTS and
FRAP data for lemon balm expressed as Trolox equivalents, representative antioxidant
results from other Lamiaceae plants, i.e., Salvia officinalis hybrids, were used for comparison,
showing ABTS and FRAP activities of 543.65 and 429.25 mg TE·g−1, respectively [56].

The general high abundance of phytochemicals and relatively high antioxidant activity
of the dry extract, particularly reflected by its ABTS radical scavenging activity, where the
results indicate that 1 g of lemon balm dry extract corresponds to approximately 0.97 g
of chemically pure Trolox, a synthetic analogue of vitamin E widely used as a reference
antioxidant, may be attributed not only to the intrinsic phytochemical richness of the plant
material used for extraction, but also to the efficiency of the extraction technique and the
high stability of the compounds during the drying process, which together contributed to
improved recovery and preservation of phytochemicals.
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The exceptionally high phytochemical content and antioxidant status of lemon balm
phytochemicals may contribute to their self-protective effects during processing. In combi-
nation with the relatively mild drying conditions applied during dry extract preparation,
this may explain the very high stability of bioactive compounds in dry extracts, with values
generally close to 100% across all measured parameters (Table S1). High stability of lemon
balm phytochemicals has also been reported in previous studies on extract drying under
spray-drying conditions for encapsulation purposes [48,57].

4.2. In Vitro Bioaccessibility of Lemon Balm Phytochemicals

The in vitro bioaccessibility of bioactive compounds results from a complex interplay
between product-related characteristics and digestion-associated conditions. Properties
of the digested product, including the content, chemical nature, stability, and solubility of
phytochemicals, as well as the composition and structural properties of the food matrix,
interact with the surrounding physicochemical digestion environment, which includes
temperature effects, interactions with electrolyte components, dynamic pH changes across
successive stages of digestion, and biochemical digestion-related factors, such as the activity
of digestive enzymes and bile salts, to determine final bioaccessibility. These factors collec-
tively influence the release and stability of phytochemicals during digestion. Consequently,
limited extractability, low solubility, or degradation of ingested compounds may reduce
their presence in a native, potentially absorbable (bioaccessible) form, thereby constraining
their subsequent bioavailability and further physiological relevance [9,10,16,58].

Considering the effect of herbal material type, in the case of the application of isolated
forms of phytochemicals, such as dry extracts or pure compounds, bioaccessibility can be
considered a result of factors such as compound solubility and stability in the digestion
environment, as well as affinity (binding) to biochemical components of digestion fluids. In
the case of powdered plant material, however, extractability affected by interactions with
the plant matrix should also be taken into account [35,59].

It has been reported that physicochemical conditions during digestion, such as ele-
vated temperature, the presence of residual oxygen, especially at the initial (oral) stage of
digestion, and the surrounding electrolytic environment, including pH, can induce degra-
dation or conversion of sensitive phytochemicals such as polyphenols [7,9]. Additionally,
some of these factors may affect the solubility of ingested compounds.

One of the main factors influencing the behaviour of phenolic compounds in the
physicochemical environment is the surrounding pH, which changes considerably during
subsequent stages of digestion, including after passage from the stomach to the intestine. It
has been reported that low pH conditions, such as those occurring during gastric digestion,
favour the chemical stability of polyphenols in comparison with the neutral or alkaline
intestinal environment, which may induce oxidative degradation through deprotona-
tion [60,61]. Conversely, a neutral or alkaline environment, through partial deprotonation,
can positively influence the water solubility of some groups of polyphenols [62,63]. In this
study, it was observed that lemon balm phytochemicals in isolated forms were, in general,
only slightly influenced by physicochemical digestion conditions at both the gastric and
intestinal stages of digestion, which was reflected by the relatively high in vitro bioaccessi-
bility of rosmarinic acid and total polyphenols, especially at higher doses of administration
(Figures 1 and 2; Tables 3–5).

Literature evidence indicates that phytochemicals such as phenolic compounds are
able to form complexes with biochemical components of digestive fluids, such as digestive
enzymes and bile salts, thereby limiting potential bioaccessibility [64–66]. It was found that
the application of biochemical factors, in the case of isolated forms of phytochemicals, had
only a slight and mostly statistically insignificant negative effect on in vitro bioaccessibility

https://doi.org/10.3390/app16136546

https://doi.org/10.3390/app16136546


Appl. Sci. 2026, 16, 6546 17 of 23

in comparison with the applied physicochemical digestion environment (Figures 1 and 2;
Tables 3–5), which may indicate that lemon balm phytochemicals are characterised by
low affinity toward biochemical digestion components. It also suggests that the physico-
chemical environment, rather than biochemical factors, predominantly affects the in vitro
bioaccessibility of isolated compounds. Similarly, an insignificant effect of biochemical
factors and the pivotal role of the physicochemical environment on in vitro bioaccessibility
were observed in a study on polyphenols isolated from grapes [67]. Since the applied native
digestive enzymes are not capable of cleaving or converting polyphenols, this effect was
excluded from further consideration.

Similarly to our findings, high resistance of isolated phytochemicals from Lamiaceae
plants to in vitro gastric and/or intestinal digestion conditions, reflected by high in vitro
bioaccessibility of compounds and antioxidant activity, was also observed in studies on
chemically pure rosmarinic acid [36], Melissa officinalis, Lavandula latifolia, and Origanum
vulgare extracts [37] as well as Lavandula viridis L’Hér. extracts [68].

It was found that the presence of the endogenous solid-state plant matrix during
digestion was another important factor influencing the bioaccessibility of lemon balm
phytochemicals. Interestingly, both the direction and strength of the impact of biochemical
factors on the in vitro bioaccessibility of phytochemicals from plant powder were strongly
influenced by the stage of digestion and varied among the monitored analytical assays
(Figures 1 and 2; Tables 3–5). The application of lemon balm phytochemicals in the form
of plant powder containing the endogenous solid-state plant matrix strongly limited the
in vitro bioaccessibility of rosmarinic acid, total polyphenols, and antioxidant activity at
the gastric digestion stage in comparison with isolated forms. This effect can be attributed
to the strong affinity of phytochemicals toward the plant matrix, limiting their release into
a free form. Some studies indicate that low pH conditions, such as those present during
gastric digestion, can promote the adsorption of polyphenols onto dietary fibre fractions,
which are the main components of the solid-state plant matrix [69,70]. Similar limiting
effects of the solid-state plant matrix at the gastric digestion stage were also observed for
Rhodiola rosea [35] and Arctostaphylos uva-ursi phytochemicals [59], as well as rosmarinic
acid combined with the post-extraction sweet marjoram leaf matrix [58].

Furthermore, in the case of the administration of plant powder for digestion instead
of isolated forms, a more prominent contribution of biochemical factors to in vitro bioacces-
sibility was observed (Figures 1 and 2; Tables 3–5). The presence of a plant matrix allows
for more complex interactions with biochemical components, especially digestive enzymes,
which can lead to partial plant matrix decomposition through the hydrolysis of digestible
components such as starch and proteins. Such activity may, on the one hand, improve the
release of phytochemicals from the matrix structure and, on the other hand, uncover novel
binding sites enhancing their adsorption [9,16,58].

Interestingly, significantly lower in vitro bioaccessibility of rosmarinic acid from plant
powder was also maintained at the intestinal digestion stage; however, this effect was not
translated into other measured parameters, such as total phenolic content and antioxidant
activity, where in vitro bioaccessibility was at a relatively similar level compared with that
of the dry extract. This may indicate a significant contribution of phytochemicals other than
rosmarinic acid to these parameters, including compounds potentially unextracted during
dry extract preparation and subsequently released from powdered plant material under
intestinal conditions, resulting in significantly higher in vitro bioaccessibility than at the
gastric stage of digestion (Figures 1 and 2; Tables 3–5). The discrepancy between rosmarinic
acid bioaccessibility and the bioaccessibility of total phenolics and antioxidant activity may
also indicate that digestion-induced release of additional phenolic constituents from the
plant matrix compensated for the loss or limited release of rosmarinic acid. Moreover,
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structural modifications of polyphenols occurring under intestinal conditions may alter
their reactivity toward spectrophotometric assays without necessarily being reflected in
the quantified rosmarinic acid content. Therefore, the changes observed in antioxidant
activity and total phenolic content likely resulted from the combined effects of compound
degradation, structural transformation, release from the plant matrix, and interactions
with digestion fluid components. In addition, the contribution of increased amounts of
enzymatic digestion products, such as reducing sugars and peptides with antioxidant
activity, cannot be ruled out; however, this effect appears to be limited due to the specific
character of the studied matrix, i.e., the relatively low content of digestible components
such as proteins and starch.

The obtained results indicate that the in vitro bioaccessibility of lemon balm phyto-
chemicals was also dose dependent. In general, the application of moderate or higher
doses (i.e., higher than 25 mg) resulted in maintaining in vitro bioaccessibility at a rel-
atively stable level, whereas the application of lower doses decreased the determined
in vitro bioaccessibility.

This effect is likely related to the higher susceptibility of phytochemicals applied at
lower concentrations to the surrounding in vitro digestion environment. Lower concen-
trations of phytochemicals in digestive fluids can decrease their total antioxidant status
and, consequently, their resistance to physicochemical digestion conditions. Furthermore,
the reduced proportion of phytochemicals relative to the fixed biochemical composition of
artificial digestion fluids results in an enhanced contribution of unfavourable interactions
between phytochemicals and biochemical components of the digestive fluids, thereby
leading to more pronounced reductions in relative in vitro bioaccessibility values.

Although direct evidence regarding the influence of extract or material dose on the
in vitro bioaccessibility of phytochemicals remains limited, several studies indicate impor-
tant indirect effects related to the initial concentration and dilution of phytochemicals prior
to digestion. It has been reported that a higher initial phytochemical content in the material
subjected to simulated digestion can increase the amount of compounds recovered after
digestion [16,71]. Moreover, changes in phytochemical concentration resulting from extract
dilution have been shown to affect their apparent yield following in vitro digestion [65].

The in vitro gastrointestinal digestion model has many advantages and is widely used
to estimate the bioaccessibility of food bioactive compounds, nevertheless its application
can be a limitation of the present study when interpreting the results in the broader context
of the biological fate of phytochemicals. Although the INFOGEST protocol is a widely
accepted tool for estimating the in vitro bioaccessibility of phytochemicals, it cannot fully
reproduce the complexity of the in vivo human gastrointestinal tract, including intestinal
absorption, systemic distribution, metabolic transformations, and interindividual variabil-
ity [5,9,14–16]. Therefore, the obtained results should be interpreted as an estimate of the
compound’s potential bioaccessibility, which may not fully correspond to its subsequent
in vivo bioavailability and bioactivity. Furthermore, the in vitro digestion model does
not account for gut microbial metabolism and colonic fermentation. This limitation can
be important for polyphenols, as a certain proportion of them reaches the colon, where
they can be extensively transformed by the microbiota into metabolites that may limit
bioaccessibility of ingested compounds, as well exhibit different bioavailability and biolog-
ical activity than the parent compounds [6,15,72]. However, some phenolic compounds,
especially in the aglycone form, such as rosmarinic acid, may be absorbed predominantly
in the small intestine, where microbial metabolism is limited compared with the colon,
and therefore enter the circulatory system in native form [9,73,74]. Nevertheless, in vitro
digestion models remain valuable tools for preliminary assessment of the fate of bioactive
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compounds during digestion and provide useful information for planning and supporting
further in vivo studies.

5. Conclusions
In summary, lemon balm dry extract was a concentrated and stable source of ros-

marinic acid, total phenolics, and antioxidant compounds, with extraction increasing
phytochemical content and antioxidant capacity more than threefold while causing min-
imal degradation during processing. The in vitro digestion study showed that in vitro
bioaccessibility depended on the application form, digestion stage, digestion conditions,
and dose. Isolated rosmarinic acid and dry extracts exhibited generally high gastric and
intestinal in vitro bioaccessibility, indicating good stability of lemon balm phytochemicals
and limited interactions with digestive enzymes and bile salts. In contrast, the solid-state
plant matrix in powdered lemon balm markedly reduced the release and in vitro bioaccessi-
bility of rosmarinic acid and antioxidant compounds, particularly during gastric digestion,
likely due to interactions with matrix components such as dietary fibre. However, intestinal
conditions improved the release of polyphenols and antioxidant activity from plant powder,
suggesting enhanced liberation of phytochemicals during later digestion stages. In vitro
bioaccessibility was also dose dependent, with moderate and high doses maintaining
relatively stable values, whereas lower doses were more susceptible to degradation and
unfavourable digestion-related interactions. These findings indicate that lemon balm dry
extracts constitute a more effective delivery form for in vitro bioaccessible phytochemicals
than powdered plant material. Overall, the study highlights the important role of digestion
conditions, plant matrix interactions, and dosage in determining the potential nutritional
and functional efficacy of herbal phytochemicals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app16136546/s1, Table S1: Stability of phytochemicals during
lemon balm dry extract preparation. Figure S1. Flowchart summarising the preparation of lemon
balm powder and dry extract.
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48. Tülek, Z.; Alaşalvar, H.; Başyiğit, B.; Berktas, S.; Salum, P.; Erbay, Z.; Telci, I.; Çam, M. Extraction optimization and microencapsu-
lation of phenolic antioxidant compounds from lemon balm (Melissa officinalis L.): Instant soluble tea production. J. Food Process.
Preserv. 2021, 45, e14995. [CrossRef]

49. Sik, B.; Hanczné, E.L.; Kapcsándi, V.; Ajtony, Z. Conventional and nonconventional extraction techniques for optimal extraction
processes of rosmarinic acid from six Lamiaceae plants as determined by HPLC-DAD measurement. J. Pharm. Biomed. Anal. 2020,
184, 113173. [CrossRef] [PubMed]

50. Shekarchi, M.; Hajimehdipoor, H.; Saeidnia, S.; Gohari, A.R.; Hamedani, M.P. Comparative study of rosmarinic acid content in
some plants of Labiatae family. Pharmacogn. Mag. 2012, 8, 37–41. [CrossRef] [PubMed]

51. Caleja, C.; Barros, L.; Prieto, M.A.; Barreiro, M.F.; Oliveira, M.B.P.P.; Ferreira, I.C.F.R. Extraction of rosmarinic acid from Melissa
officinalis L. by heat-, microwave- and ultrasound-assisted extraction techniques: A comparative study through response surface
analysis. Sep. Purif. Technol. 2017, 186, 297–308. [CrossRef]

52. Kittler, J.; Krüger, H.; Ulrich, D.; Zeiger, B.; Schütze, W.; Böttcher, C.; Krähmer, A.; Gudi, G.; Kästner, U.; Heuberger, H.; et al.
Content and composition of essential oil and content of rosmarinic acid in lemon balm and balm genotypes (Melissa officinalis).
Genet. Resour. Crop Evol. 2018, 65, 1517–1527. [CrossRef]

53. Sadowska, U.; Armenta Villavicencio, R.; Dziadek, K.; Skoczylas, J.; Sadowski, S.K.; Kopeć, A. The Identification of Polyphenolic
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