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INTRODUCTION

Medicinal plants have long played a crucial role in traditional health care
globally, serving as the primary source of therapeutic agents for the majority
of the world’s population, particularly in developing countries [1]. As
scientific methodologies have evolved, the pharmacological evaluation of
medicinal plants has moved from empirical observations to rigorous scientific
investigation, facilitating the integration of plant-derived compounds into
evidence-based medicine [2, 3].

Plant-derived compounds’ multifunctionality and high structural diversi-
ty offer clear advantages over their synthetic counterparts. The synergy
among these compounds within plants provides additional benefits, a rarely
applied feature by synthetic molecules [4, 5]. As a result, phytochemicals play
a significant role in drug discovery and development.

Red clover (Trifolium pratense L.) has long been recognised for its medi-
cinal properties, playing a significant role in traditional and modern herbal
medicine [6, 7]. It was selected for this research due to its wide application
and high biological activity. Red clover is a rich source of bioactive
compounds, including isoflavones, coumarins, flavonoids, and phenolic acids
[8]. These compounds contribute to red clover’s wide-ranging health benefits,
making it a valuable ingredient in nutraceutical preparations [9].

Isoflavones, including genistein and daidzein, stand out as the most
significant phytochemicals found in red clover and are called phytoestrogens
[9, 10]. Phytoestrogens structurally resemble estrogens (such as 17p-estradiol)
and compete with it for binding ER. These compounds have a stronger
affinity for binding ERp than ER,. By interacting with ERs, isoflavones can
exert estrogenic effects in humans [10, 11]. However, depending on the dose
or the duration of exposure, isoflavones can also act as antiestrogenic agents
[12]. This makes red clover a popular choice for alleviating menopausal symp-
toms, such as hot flashes and osteoporosis, by providing a natural alternative
to hormone replacement therapy [13]. Beyond menopausal relief, red clover’s
isoflavones exhibit antioxidant, anticancer, and cardioprotective properties,
offering potential protection against various chronic diseases [14—17]. Red
clover’s antioxidant activity is another key factor in its nutraceutical applica-
tions, and these properties, coupled with anti-inflammatory effects, further
broaden red clover’s appeal in formulations that promote overall health and
well-being, but nonetheless, much more clinical trials are needed [18, 19].

In research on legumes from the Fabaceae tamily, particular attention is
given to isoflavones like genistein, daidzein, glycitein, formononetin and
biochanin A [12, 20]. These compounds are usually encountered as conjuga-



tes and are hydrolysed to aglycones (biologically active form) in the human
gut. The isoflavone aglycones are absorbed faster and in greater amounts than
their glucosides. This underscores the importance of sugar component
separation in making isoflavones readily available to the body [21, 22].
Additional substances, such as excipients, can be applied to aid in the extrac-
tion of isoflavone aglycones using water or another solvent, thereby improving
the yield from the extract. Moreover, for enhancing the solubility of isofla-
vones substances used in the manufacture of oral pharmaceutical forms —
such as a-, B-, y-CDs, PVP/VAC, croscarmellose sodium, SSG, or magnesium
aluminometasilicate, which are integral for increasing the active pharmaceu-
tical ingredients’ stability and bioavailability — can be effectively utilised
[23-28]. The study of excipients in plant extraction processes is an under-
explored area that offers new opportunities to improve the efficiency and
safety of these methods. While there has been considerable exploration into
the efficacy of deep eutectic solvents as safer alternatives to conventional
toxic organic solvents for extracting specific bioactive compounds, limited
attention has been paid to excipients [29, 30]. Notably, one study investigated
the increase of phenols from peach pomace using B-CD as an excipient, and
it was successful [27]. Additionally, various studies have explored distillation
from different plant materials by incorporating excipients such as seawater,
polysorbate 20, and magnesium aluminometasilicate, all aimed at enhancing
essential oil yields [31-33]. Therefore, this study aims to fill this research gap
by assessing novel excipients, including a-, -, and y-CDs, and polymers like
PVP/VAC, croscarmellose sodium and SSG. These excipients increase
isoflavone yield and can increase the extract’s antioxidant potential.

Simply obtaining isoflavone-enriched extracts is insufficient. Due to
their sensitivity to environmental factors such as heat and light, as well as
inherent challenges like low water solubility, rapid metabolism, and quick
elimination from the body, it is essential to incorporate isoflavones and phenols
into emulsions when formulating pharmaceutical products. This method
enhances their stability and bioavailability, ensuring more effective thera-
peutic outcomes [34-36]. As biphasic systems, emulsions offer a robust solu-
tion for effectively encapsulating these hydrophobic compounds, thereby
facilitating their administration and absorption within the body [37]. This
approach enhances the efficacy of the active ingredients and reduces potential
side effects by precisely controlling the release rate of encapsulated com-
pounds. Moreover, it boosts these compounds’ stability and bioavailability,
thereby optimising their therapeutic potential [34]. Microencapsulation of the
emulsions further increases the stability and efficacy of bioactive compounds.
This technology involves encasing tiny particles or droplets of the active
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compounds within a protective coating, offering irreplaceable advantages
[38, 39].

Microencapsulation enables the controlled release of active ingredients,
targeting specific sites for improved therapeutic outcomes and reduced side
effects while ensuring sustained effects over time [40, 41]. Furthermore, the
efficacy of microencapsulation in achieving controlled release of active
ingredients is influenced by various factors such as the selection of excipients
used in the production process, the specific techniques employed and other
parameters [39, 42].

The preparation of microcapsules through various methods, such as
freeze-drying, spray-drying, and extrusion, offers distinct advantages, cate-
ring to the unique requirements of different pharmaceutical applications [43].
Freeze-drying, for instance, is renowned for its ability to preserve the struc-
tural integrity and bioactivity of sensitive compounds, including phenols, by
removing water under low temperature and pressure, thus minimising thermal
degradation [44, 45]. Spray-drying, on the other hand, offers a rapid and cost-
effective means of encapsulating active ingredients, with the added benefit of
producing particles with a wide range of sizes suitable for oral and inhalable
therapies [45—47]. Extrusion, characterised by its versatility and scalability,
enables the continuous production of microcapsules with a uniform size
distribution, which is essential for controlled release formulations [48, 49].
The strategic use of polymers that are soluble in either the stomach or the gut
for microcapsule shells is particularly advantageous in optimising the organo-
leptic parameters, bioavailability and therapeutic efficacy of isoflavones
combined with the microencapsulation methods [50, 51]. These polymers,
like chitosan and alginate, can be engineered to dissolve at specific locations
depending on pH, ensuring that the encapsulated isoflavones are released
precisely where their absorption is most efficient [51].

The best extraction methods and parameters were carefully selected to
yield isoflavone-rich extracts from red clover, preparing diverse formulations
of isoflavone-containing emulsions tailored for various microencapsulation
techniques and polymer matrices. This strategic approach aimed to compre-
hensively harness bioactive compounds’ unique properties and actions. The
study identified the most effective formulations from a broad spectrum of
samples, establishing the important role of technological factors in influen-
cing the efficacy and functionality of the final products.

The aim of the dissertation is to assess the influence of technological
factors on the quality of microcapsules containing genistein and daidzein
produced by different methods, and on the release of active compounds in
vitro.
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Objectives of the dissertation:

1.

To investigate the effect of various extraction methods and exci-
pients on the yield of genistein and daidzein (isoflavones) extracted
from red clover (7rifolium pratense L.) flowers and analyse the
antioxidant and antimicrobial properties of the resultant extracts.

To assess the impact of isoflavones, selected extracts, and emulsi-
fiers forming direct-type simple emulsions on the quality of emulsion
matrices and enhance their properties.

To evaluate the influence of technological factors and isoflavones on
the formation and quality of microcapsules produced by different
methods.

Investigate how technological parameters influence the development,
quality characteristics, and active compounds release in vitro of
products containing microcapsules.

12



SCIENTIFIC NOVELTY

Given the growing interest in isoflavones, this study aimed to address the
gap in comprehensive data regarding the total phenolic content and
antioxidant activities of red clover flower extracts. This research developed
new techniques for extracting natural compounds and enhancing the extrac-
tion of bioactive phenols and isoflavones from 7rifolium pratense L. The
approach was characterised by using excipients, including magnesium alumi-
nometasilicate, croscarmellose sodium, SSG, PVP/VAC, and a-, B-, y-CDs.
SSG, PVP/VAC, and CDs led to increased yields of bioactive compounds
(phenols, flavonoids and isoflavones) in both aqueous and ethanolic extracts.
The study also highlighted an improvement in the antioxidant potential of
these extracts, an aspect critical to their pharmaceutical application. It was
noted that the use of excipients did not affect the antimicrobial properties
overall, although there was a notable reduction in the growth of Gram-
positive bacteria and an observed extract ability against the IBV virus strain.

In exploring emulsion formulations, the study observed red clover
extract alone or red clover extract combined with liquorice root extract and
nutmeg essential oil, using methods such as spray-drying, lyophilisation, and
extrusion to produce stable microcapsules. Mustard extract, a natural emulsi-
fier, was among the several emulsifiers tested, highlighting the impact of
different excipients and their concentrations on microcapsule formation.
Materials such as alginate sodium and chitosan were utilised to enhance
solubility in the stomach and gastric media, facilitating the formation of
microcapsule shells.

The outcome of this research included the development of extruded
microcapsules encapsulated in capsules containing chitosan and alginate-
based microcapsules, offering an advantageous medium for incorporating oil-
soluble vitamins. Additionally, the research introduced chewable tablet
technology, employing pectin as a gelling agent without the need for added
sugars, utilising only the natural sweetness of the fruits used, and incorpo-
rating freeze-dried microcapsules with not only red clover extract but also the
addition of liquorice root extract and nutmeg essential oil.

This study provides valuable insights into the field, promotes the deve-
lopment of more effective and environmentally friendly pharmaceutical
products derived from natural sources, and illustrates the potential of new
extraction and formulation methods to increase the utility of plant compounds.
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PRACTICAL VALUE

The use of SSG, PVP/VAC and CD excipients increases the extraction
yield of bioactive phenols and isoflavones using 50% ethanol and water as
solvents. This method not only enhances the antioxidant activity of the
extracts but also increases their therapeutic potential, paving the way for the
development of stronger, natural remedies. These advances address the long-
standing problem of poor solubility of isoflavones while ensuring that the
extraction method remains cost-effective, environmentally friendly and
compliant with green chemistry principles.

In addition, natural emulsifiers such as mustard extract were effective
compared to traditional synthetic emulsifiers such as polysorbate 80. The
incorporation of B-cyclodextrins (B-CD) proved beneficial in increasing the
extraction yield and serving as an effective emulsifying agent for Pickering
emulsions. Extracts formulated with B-CD showed greater stability of emul-
sion forms compared to those prepared without this excipient, highlighting
the multiple benefits of including such molecules in extraction and formula-
tion processes.

By integrating red clover extract with liquorice root extract and nutmeg
essential oil through methods like spray-drying, lyophilisation, and extrusion,
the study successfully produces microcapsules according to the quality requi-
rements, from which lyophilised microcapsules have the best parameters and
could be used in further pharmaceutical forms. Extruded microcapsules with
emulsions, prepared using only red clover extract and excipients, are a great
base for supplementing with water- and oil-soluble vitamins.

The development of chitosan and alginate-based microcapsules in a hard
capsule and the introduction of sugar-free chewable tablets using pectin and
natural fruit sweetness represent an innovative approach to creating attractive
and healthier nutritional options.
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THE LAYOUT OF THE DISSERTATION

The dissertation is structured around a comprehensive analysis presented
through a collection of seven scientific articles, illustrated in Fig. 1.

Evaluation of extraction parameters on isoflavones yields and

extracts biological properties:

* Influence of extraction methods and excipients on isoflavone yiels
(Paper 1 and 2).

» Excipients’ effect on isoflavone, phenolic, and flavonoid content
(Paper 3 and 6).

» Asessment of technological modifications on antioxidant activity
(Paper 3 and 6).

* Antibacterial and antiviral properties of the extracts (Paper 3 and 6).

Preparation of emulsions and their parameters:

» Formation and evaluation of red clover extract emulsions with
various oils (Paper 7).

* Creation and study of emulsions containing Myristica fragrans Houtt.
essential oil and plant extracts (Paper 4 and 5).

Microcapsules formation and parameters:

* Preparation of stomach and intestine-soluble microcapsules via extru-
sion method (Paper 7).

 Preparation of intestine-soluble microcapsules with essential oils and
added extracts via extrusion method (Paper 4).

 Preparation of microcapsules using freeze drying and spray drying
techniques (Paper 5).

Product development:

* Development of extruded microcapsules in hard capsule form,
assessing active compound release (Paper 7).

* Preparation of powder microcapsules, exploring technological
parameters and active compound release (Paper ).

+ Study of microcapsules in chewable get tablet form for release
properties (Paper 4).

Fig. 1. Scheme of the thesis with published scientific papers
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The thesis material is organised into four principal sections:

1.

2.

Examination of extraction parameters’ impact on isoflavone yields
and the biological properties of extracts.

Evaluation of the effects of isoflavones, extracts, and emulsifiers on
emulsion quality and properties.

Investigation into the influence of technological factors and isofla-
vones on the formation and quality of microcapsules.

Exploration of the interplay between technological parameters,
product development, and the release of active compounds in micro-
capsules.
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1. SUMMARY OF MATERIALS AND METHODS

1.1. Plant material

The floral buds and blossoms of Trifolium pratense L. (red clover) were
gathered between September 25" and 26™, 2020 to 2023, from their natural
habitat in Laiciai, Kupiskis district, Lithuania (coordinates: latitude 55°53"24.2"
N; longitude 25°19'36.0" E). Following collection, the plant material was air-
dried and stored at room temperature. Prior to utilisation, the red clover
flowers were ground into a fine powder using an Ultra Centrifugal Mill ZM
200 (Retsch, Haan, Germany). The moisture content of ground samples was
determined by a moisture analyser KERN MLB apparatus (KERN & Sohn
GmbH, Balingen, Germany), and all further results were expressed as dw.
A detailed description of plant raw materials and conditions of plant material
processing are presented in Papers I and 2.

In this study, additional plant material was used. Glycyrrhiza glabra L.
roots (the country of origin is China) were bought from LSMU pharmacy
(Kaunas, Lithuania). Myristica fragrans Houtt. seeds’ country of origin was
Grenada (supplier Spaisvile, Pasaltuonys, Lithuania), and Sinapis alba milled
seeds were bought at Saldva (Kabalda, Lithuania). A detailed description of
Glycyrrhiza glabra L. roots and Myristica fragrans Houtt. seeds are pre-
sented in Papers 4 and 5; information on Sinapis alba seeds are provided in
Paper 7.

1.2. Extraction and hydrodistillation

1.2.1. Traditional extraction methods

Various extraction methods, including maceration, reflux, and ultrasound-
assisted extraction, were employed to maximise the extraction of isoflavones
from red clover. Maceration involved natural hydrolysis over three days,
while reflux was conducted at boiling temperatures of solvents using different
processing times. Ultrasound-assisted extraction utilised an ultrasound bath
operating at a frequency of 38 kHz, 100%. Following extraction, hydrolysis
of the extracts was carried out using various methods: acidic hydrolysis with
37% HCI and subsequent neutralisation with 2M NaOH; alkaline hydrolysis
with 25% NaOH and neutralisation with 25% acetic acid; and thermal
hydrolysis. Detailed descriptions of the extraction conditions, including plant
amounts, extraction times, temperatures, solvents, and their concentrations,
can be found in Papers 1 and 2.
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The Glycyrrhiza glabra L. extract was obtained from dried and milled
plant root powder. Initially, maceration in water was conducted for 4 hours,
followed by ultrasound-assisted extraction using an ultrasound bath operating
at 38 kHz. Paper 4 provides detailed descriptions of the extraction conditions
employed for Glycyrrhiza glabra L. roots.

White mustard extraction was conducted utilising an ultrasound bath.
Details regarding the extraction of Sinapis alba seeds can be found in
Paper 7.

1.2.2. Extraction methods with excipients

Various excipients and their concentrations were utilised in the extraction
process of red clover. Samples were modified and prepared with PVP/VAC,
SSG, croscarmellose sodium, magnesium aluminometasilicate, and a-, -, or
v-CDs. The selection of conditions, solvents, and extraction parameters for
employing these excipients was based on the isoflavones yield obtained from
traditional extraction methods. Three conditions were chosen for extraction
with excipients, followed by subsequent experiments to determine the
optimal excipient concentrations: ultrasound processing (10 or 30 minutes)
combined with reflux and reflux alone. Detailed descriptions of the extraction
conditions, including plant amounts, extraction times, temperatures, solvents,
and their concentrations, can be found in Papers 1 and 2.

1.2.3. Essential oil preparation

Mpyristica fragrans Houtt. essential oil was prepared by modified hydro-
distillation using magnesium aluminometasilicate. The hydrodistillation was
conducted with a Clevenger-type apparatus. A detailed description of Gly-
cyrrhiza glabra L. roots and Myristica fragrans Houtt. seeds are presented in
Paper 4.

1.3. Phytochemical characterisation methods

1.3.1. HPLC-PDA

Qualitative and quantitative analysis of isoflavones in red clover extracts
was conducted using the validated HPLC-PDA method. Phenolic analysis
was performed using an ACE 5 C18 250 x 4.6 mm column with a linear
gradient elution profile, following the parameters and conditions outlined in
Papers 1-7.
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1.3.2. HPLC-PDA-MS

The compounds with the highest antioxidant activity were identified using
the ABTS-post column method coupled with HPLC-PDA-MS. Following
reversed-phase liquid chromatographic separation, a thorough qualitative
profiling of the red clover extract was conducted using electrospray ionisation
in both negative and positive modes, followed by MS analysis. Compound
identification was achieved by comparing the obtained mass spectra with
literature data and mechanisms provided in freely accessible databases. For
more comprehensive methodological details, refer to Papers 3 and 6.

1.3.3. GC-MS

The analysis of Myristica fragrans Houtt. essential oil and the quanti-
fication of its chemical compounds in microcapsules were conducted using
an RTX-5MS column measuring 30 m x 0.25 mm i.d. with a 0.25 pL film
thickness. Identification of volatile compounds was achieved through a mass
spectra library search (NIST 14). For detailed method parameters, please
refer to Papers 4 and 5.

1.3.4. Spectrophotometric assays

The total phenolic content of plant extracts was determined using Folin—
Ciocalteu’s phenol reagent at a wavelength of 765 nm. Results were expres-
sed as equivalent mg GA/g dw. Further details of the method can be found in
Papers 3—7.

For the determination of the total flavonoid content of plant extracts, a
mixture of reagents consisting of 1.0 mL 96% ethanol, 0.05 mL 33% acetic
acid, 0.15 mL 10% aluminium chloride, and 2.0 mL 5% hexamethylene-
tetramine solutions was used, with measurements taken at a wavelength of
475 nm. Results were expressed as equivalent RU/g dw. 4 detailed descrip-
tion of the method is provided in Papers 3—7.

1.4. Antioxidant and biological activity methods, and application

1.4.1. Antioxidant activity

Antioxidant properties of red clover extracts evaluated by in vitro
spectrophotometric assays. Free radical scavenging activity was assessed
using ABTS (A = 734 nm) and DPPH (A = 517 nm) assays; the results were
expressed as equivalent to pg TE/g dw. Reducing activity was assessed by
FRAP (A = 593 nm) assay. The results were expressed as equivalent of mg
FE(I1)/g dw, precisely as described in Papers 3 and 6.
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The antioxidant properties of red clover extracts were also assessed using
an HPLC-ABTS system equipped with a 3 m reaction loop (inner diameter:
0.25 mm, outer diameter: 1.58 mm). Test solutions were detected at a
wavelength of 650 nm, with signal strength represented as peaks of negative
active compounds. The antioxidant activity of the extract compounds was
expressed as equivalents of mg Trolox per gram of dry weight (mg TE/g dw).
For a comprehensive understanding of the methodology, refer to Papers 3
and 6.

1.4.2. Antimicrobial activity

The antimicrobial activity evaluation involved a variety of microorga-
nisms obtained from the ATCC. These microorganisms comprised standard
cultures of non-spore bacteria, such as Staphylococcus aureus (ATCC 25923;
human nasal microbiota), Staphylococcus epidermidis (ATCC 12228; human
skin microbiota), Enterococcus faecalis (ATCC 29212; human colonic
microbiota), Escherichia coli (ATCC 25922; human colonic microbiota),
Klebsiella pneumoniae (ATCC 13883; human microbiota), Pseudomonas
aeruginosa (ATCC 27853; human microbiota), and Proteus vulgaris
(ATCC8427; human microbiota). Standard spore bacteria cultures, including
Bacillus cereus (ATCC 6633; soil microbiota) and the fungus Candida
albicans (ATCC 10231; human microbiota), were utilised. The antimicrobial
properties of Trifolium pratense L. and Glycyrrhiza glabra L. extracts, My-
ristica fragrans Houtt. essential oil and commonly used antibiotics were
assessed by employing the agar well diffusion method as described in
Papers 4 and 6.

1.4.3. Antiviral activity

For the antiviral assessment, the Vero cell line (ATCC CCL-81) was
employed, along with the Vero-adapted Beaudette IBV strain. TCID50 deter-
mination of both control and treated IBV was conducted in 96-well plates
using Vero cells. After 72 hours, CPE were assessed, and virus titres were
calculated via the Karber method. Additionally, the CCso values for each
extract were determined using an MTT assay on Vero cells. Four methods
were employed to evaluate antiviral activity, each involving treatment with
diluted extract before or after infection, followed by observation for inhi-
bition of CPE after incubation. The antiviral properties of Trifolium praten-
se L. extract, Glycyrrhiza glabra L. extract, and Myristica fragrans Houtt.
essential oil was assessed according to the procedures outlined in Paper 4.
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1.5. Emulsion Preparation

1.5.1. Preparation of emulsions for microcapsules production
via extrusion method

During the research, two types of emulsions were prepared: one designed
to be soluble in the stomach (chitosan) and the other in the gut (alginate).
Additionally, emulsions were formulated using extracts other than red clover
(such as Glycyrrhiza glabra L.) and various oils (including soy, sweet
almond, olive, jojoba, and sunflower), as well as nutmeg essential oil.

Samples of chitosan and alginate emulsions were prepared using both
ethanol and water extracts. However, since the ethanol extract contains a higher
concentration of isoflavones and phenolic compounds, only the ethanol
extracts were utilised in further studies. Emulsions containing red clover
extracts and various oils were formulated using either alginate or chitosan.

After experimentation, it was found that the most stable emulsions with
the smallest particles were those formulated with sweet almond oil. As a
result, sweet almond oil was selected as the sole oil component for the final
formulations. The emulsion preparation process involved mixing a solution
containing excipients (sweet almond oil, emulsifiers such as mustard extract
or B-CD, and xanthan) with a 2% or 0.5% sodium alginate solution.

A 2% chitosan solution was utilised for chitosan-based emulsions, and
emulsifiers (such as polysorbate 80 or B-CD) were added dropwise and
mixed. Subsequently, the required amount of sweet almond oil and extract
was added to the solution. Despite incorporating mustard extract alongside
chitosan, the mixture failed to form a stable emulsion with the desired red
clover extract concentration. Using polysorbate with alginate, the formulation
would have to undergo significant adjustments to create emulsions success-
fully. That is why these emulsifiers were not used with said gelling agents.
For detailed methodology, refer to Paper 7.

The formulations required modifications when transitioning from using
oils to nutmeg essential oil and additional extract. A 4% sodium alginate
solution was the base material for emulsion preparation throughout the expe-
riment. Emulsions containing Trifolium pratense L., Glycyrrhiza glabra L.
extracts, and Myristica fragrans Houtt. essential oil was prepared by mixing
a solution containing excipients (such as maltodextrin, inulin, and/or gum
Arabic) with the sodium alginate solution and adding the extracts and
essential oil. The emulsions were formulated and numbered from E1 to E6,
with variations in the quantities of maltodextrin, inulin, and gum Arabic used.
Notably, the quantities of sodium alginate, essential oil, extracts, and water
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remained consistent across all formulations. Further details on the emulsion
preparation can be found in Paper 4.

1.5.2. Emulsion preparation for microcapsule preparation using
freeze-drying and spray-drying

The emulsion for lyophilisation/spray-drying was formulated with
maltodextrin, gum Arabic, and inulin as excipients. These excipients were
dissolved in liquorice and mixed with red clover extract, and then the essen-
tial oil was added. For more detailed information on the emulsion preparation
process, refer to Paper 5.

1.6. Emulsion parameters evaluation

Various parameters of the emulsion were evaluated as follows: emulsion
stability was assessed using a centrifuge at different speeds. The size and
distribution of oil particles were determined using the Mastersizer 3000 with
a Hydro EV unit. Additionally, the dynamic viscosity of the emulsions was
measured using a viscometer. For more comprehensive details on the methods
employed, including the apparatuses and their parameters, refer to Papers 4
and 7.

1.7. Microcapsules formation

1.7.1. Microcapsules formation using extrusion method

Microcapsules were prepared using the extrusion method, employing a
medical syringe and syringe pump to generate droplets for microcapsule
formation. These microcapsules were derived from emulsions described in
the preceding Section 1.5.1. The emulsion droplets were ejected from the
needle into the crosslinker solution. For specific details regarding needle
height, pumping speed, and crosslinker types, refer to Papers 4 and 7.

1.7.2. Microcapsules formation using freeze-drying and
spray-drying methods

The identical emulsion formulation was utilised for both freeze-drying
and spray-drying processes. Before undergoing lyophilisation, the samples
were subjected to freezing. The lyophilisation process lasted for 48 hours.

For spray drying, the conditions employed were as follows: based on
prior pilot studies, an inlet temperature of 160 °C was set, while the outlet
temperature ranged between 80 °C and 90 °C. The spray flow feed rate was
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maintained at 30 mL/min, with an air pressure of 6 bar and an aspirator setting
of 100%. For more comprehensive details regarding the methods utilised,
refer to Paper 5.

1.8. Microcapsules parameters evaluation

1.8.1. Assessment of microcapsules prepared via the extrusion
technique

Microcapsules produced through the extrusion technique were subjected
to evaluation: firmness was assessed using a texture analyser, size was
measured using a micrometre, morphological features of the microcapsules
were examined under a light microscope, and swelling characteristics were
evaluated using either water or simulated intestinal media. Detailed descrip-
tions of these methods are provided in Papers 4 and 7.

1.8.2. Evaluation of microcapsules prepared through freeze-drying
and spray-drying methods

The microcapsules obtained via spray-drying and lyophilisation under-
went analysis to determine their product yield, which is calculated as the
percentage ratio between the final product’s total mass and the emulsion's
non-solvent mass. Additionally, moisture content was assessed using a
moisture analyser, while bulk and tapped volumes were measured using a
Sotax tap density tester. Solubility in water was also evaluated. For detailed
descriptions of these methods, please refer to Paper 5.

1.9. Chewable tablet preparation with microcapsules

Various formulations of pectin gel tablets were prepared by mixing apple
juice, puree, and other ingredients, followed by heating. Pectin was dissolved
in the warm mixture, and citric acid was added before heating to 100 °C.
Microcapsules (5% w/w) were incorporated into the pectin gel mass, which
was then poured into silicone moulds and left to set for 24 hours at room
temperature. The resulting pectin gel tablets were stored in a plastic container
at room temperature. Tablets prepared using gelatin served as the comparison
base. Conditions and equipment used for tablets preparation are described in
Paper 5.
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1.10. In vitro release of the final products

In vitro release testing of microcapsules prepared via extrusion, lyophili-
sation, and spray drying, as well as chewable gel tablets containing microcap-
sules, was conducted in both gastric and intestinal media. The experiments
were carried out using the Sotax AT7 Smart Dissolution System, with a
gastric medium prepared according to the European Pharmacopoeia guide-
lines.

Samples were incubated in gastric medium for 3090 minutes before
being transferred to intestinal medium for an additional 30-180 minutes.
Subsequently, the samples were filtered and prepared for analysis using GC—
MS to detect volatile compounds from essential oils and HPLC to quantify
isoflavones daidzein, genistein, and glycyrrhizin. For a detailed description
of the methods and reagents used, please refer to Papers 4, 5, and 7.

1.11. Data analysis and statistics

Data from Papers 1-7 was analysed and visualised using IBM SPSS
Statistics version 20.0, Microsoft Office Excel version 2021, and GraphPad
Prism 8 software. All experiments were conducted a minimum of three times,
and results were expressed as mean values + standard deviation (SD), where
applicable.

Friedman and Wilcoxon’s tests were utilised to compare three different
measurements, while the Mann—Whitney U test was compared between two
groups. Correlation and regression coefficients were calculated using the
Spearman test. Statistical significance was determined at p < 0.05. 4 compre-
hensive overview of the statistical methods employed in this study can be
found in each respective paper (Papers 1-7).
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2. SUMMARY OF RESULTS

2.1. Evaluation of extraction parameters on isoflavones yields
and extracts biological properties

2.1.1. Refining traditional extraction methods for isoflavone
extraction efficiency

Red clover extracts were obtained through maceration, ultrasound-
assisted and heat-reflux methods coupled with acidic, alkaline, and thermal
hydrolysis techniques. The highest yields of isoflavones were achieved
through ultrasound-assisted extraction with processing times of 10 or 30
minutes, followed by thermal hydrolysis and the heat-reflux method alone.
Specifically, the isoflavone yields were as follows: 393.23 + 19.66 ug/g
daidzein and 171.57 + 8.58 pg/g genistein (ultrasound processing for 10 mi-
nutes with a solvent of 50% ethanol, followed by reflux); 415.07 +20.75 pg/g
daidzein and 150.57 + 7.53 pg/g genistein (ultrasound processing for 10
minutes with a solvent of 50% ethanol, followed by reflux); and 432.30 +
21.61 pg/g daidzein and 154.50 + 7.72 pg/g genistein (reflux alone with 50%
ethanol as the solvent). These conditions were applied across all excipients
and fully described in Paper 2.

2.1.2. The impact of excipients on isoflavone yield, phenolic and
flavonoid content in extraction processes

Seven different excipients were employed in the extraction of isoflavo-
nes genistein and daidzein: magnesium aluminometasilicate, croscarmellose
sodium, SSG, PVP/VAC, and a-, B-, y-CDs. The findings underscore the
substantial enhancement in isoflavone yield facilitated by the inclusion of
excipients during extraction processes.

The investigation into isoflavone yields was conducted across two
groups of excipients: a-, B-, y-CDs, and separately, magnesium aluminometa-
silicate, croscarmellose sodium, SSG, PVP/VAC (as detailed in Papers 1
and 2). Within the CDs group, the analysis showed that the highest genistein
yield occurred in a sample prepared with 1% B-CD in purified water, resulting
in a yield 0of 258.67 + 10.34 pg/g (using the reflux extraction method). Further-
more, the highest daidzein yields were observed in two distinct samples. One
sample, prepared in ethanol with 1% B-CD, yielded 697.16 = 27.88 ng/g
(employing ultrasound processing for 30 minutes followed by reflux). Addi-
tionally, another sample prepared in ethanol, with 1% y-CD, exhibited a yield
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of 682.90 + 27.31 ng/g under identical extraction conditions as the B-CD
sample.

Concentrations of CDs were increased to 5% to enhance isoflavone
yields, but solely in water, as CDs exhibit better solubility in water than in
ethanol. The highest (p < 0.05) quantities of isoflavones were obtained from
B- and y-CD samples, utilising reflux extraction. Sample B-CD yielded the
highest of daidzein (417.1 £ 16.68 pg/g), while y-CD yielded the highest
genistein (222.133 + 8.82 pg/g) amount. Nonetheless, the increase in CD
concentration predominantly elevated the amount of daidzein over genistein.
Daidzein yields increased on average by 1.06 (a-CDs), 1.4 (B-CDs), and 1.25
(y-CDs) times when CDs were increased from 1 to 5%. Genistein yields
surged using a- and B-CDs (1.28 and 1.12 times, respectively) but decreased
using B-CD. However, similar to extracts prepared with 1% CDs in water,
glycosides, daidzin, and genistin were not detected in extracts with 5%
excipients.

Switching the solvent from water to 50% ethanol notably boosts the
aglycone yield in the extract, increasing it by an average of 2-3 times. This
enhancement was consistent across all CDs, except for B-CD, which decrea-
sed genistein yield by 1.17 times. Notably, utilising a-CD in the extraction
amplified genistein yield by 3.32 times, while y-CD increased it by 2.36
times. Daidzein amounts showed significant increases with all CDs — 3.64,
2.31, and 3.06 times (for a-, B-, and y-CD, respectively).

Genistin and daidzin were solely detected in ethanolic samples, even
with excipients, due to their poor water solubility and hydrolysis to aglycones
during extraction. The highest detected genistin concentration was found in a
sample prepared using 1% a-CD in ethanol, yielding 139.73 + 4.13 ng/g
(using the reflux extraction method). The highest daidzin concentration was
observed in a similar sample prepared using 1% y-CD as an excipient in
ethanol, resulting in 27.67 + 0.83 pg/g (using the reflux extraction method).
Upon comparing samples prepared with excipients, it was observed that when
using a-CDs, the average genistin and daidzin amounts were higher than
using B-, y-CD, or no excipients in the extracts (control samples).

Working with the second group of excipients, the same extraction condi-
tions mentioned before were utilised. Purified water served as the solvent
with the excipients sodium croscarmellose, SSG, or PVP/VAC. Significant
increases in isoflavone yields were observed compared to control samples
across all conditions. However, the use of excipients did not result in the
extraction of glycosides (daidzin and genistin). Notably, the excipient magne-
sium aluminometasilicate was ineffective, as it reduced the amount of isofla-
vones compared to control samples prepared under identical conditions.
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Using the excipients, statistically significant yields of aglycones were
obtained with 1% PVP/VAC. Employing the reflux method, aglycones yields
found in the water were 307.80 + 15.39 ng/g daidzein and 121.40+ 6.07 pg/g
genistein with 1% PVP/VAC, and the results were the highest compared will
all the samples with excipients in water.

The results indicate that, except for magnesium aluminometasilicate,
which did not increase the yields of isoflavones daidzein and genistein, lower
amounts of isoflavones were obtained with sodium croscarmellose and SSG
compared to PVP/VAC. However, these amounts were statistically signifi-
cantly higher compared to controls. Aqueous SSG samples, when subjected
to reflux, exhibited statistically significant results compared to the control
samples, and they showed higher daidzein yields compared to the correspon-
ding sodium croscarmellose samples (55.83 + 1.67 pg/gand 111.40 +5.57 ng/g,
respectively, for SSG; 28.73 + 0.86 pg/g and 97.9 + 2.93 ng/g, respectively,
for croscarmellose sodium). However, the aglycone yields were not as high
as those obtained using PVP/VAC.

The concentration of PVP/VAC in water was elevated to 5% (w/v).
However, this adjustment couldn't be made for the SSG sample because the
samples became excessively thick. With the 5% concentration, the highest
yields were achieved using the reflux method: 626.30 + 18.78 ng/g for
daidzein and 175.27 + 5.25 pg/g for genistein. Nonetheless, even with this
higher concentration of PVP/VAC, glycosides daidzin and genistin were not
detected.

Changing the solvent to 50% ethanol for 1% PVP/VAC in extraction
media yielded glycosides and the highest aglycone daidzein yield in this
study — 820.50 + 41.02 pg/g (using reflux and ultrasound processing for 10
minutes). Genistein yields using this method were lower (144.50 £4.33 pg/g)
were lower but were statistically significant compared to the control sample.
Although 50% ethanol increased the amount of daidzein compared to the 5%
excipient used in water, there was no significant increase in genistein levels.
Therefore, the use of excipient vinylpyrrolidone-vinyl acetate copolymer in
ethanol mainly yielded glycosides and aglycone daidzein from plant material.

Switching the solvent to 50% ethanol for 1% PVP/VAC in the extraction
media resulted in the extraction of glycosides and the highest aglycone
daidzein yield in this study — 820.50 + 41.02 pg/g (utilising reflux and
ultrasound processing for 10 minutes). Genistein yields using this method
were lower (144.50 + 4.33 pg/g), but they were statistically significant
compared to the control sample. Although 50% ethanol increased the amount
of daidzein compared to the 5% excipient used in water, there was no
significant increase in genistein levels. Therefore, the use of the excipient

34



vinylpyrrolidone-vinyl acetate copolymer in ethanol primarily yielded glyco-
sides and aglycone daidzein from plant material.

The utilisation of various excipients significantly influences the extrac-
tion of isoflavone aglycones. When extracting genistein in water, the
excipients were ranked in order of their ability to yield the highest possible
amount as follows: magnesium aluminometasilicate < control < croscarme-
llose sodium < a-CD < SSG < y-CD < PVP/VAC < 3-CD. Conversely, when
ethanol served as the solvent, the excipients were ranked in the following
order: magnesium aluminometasilicate < PVP/VAC < a-CD < control <SSG <
B-CD < y-CD.

A different ranking was observed in the extraction of daidzein compared
to genistein extraction. In water, the order of excipients’ effectiveness was as
follows: magnesium aluminometasilicate < control < croscarmellose sodium
< SSG < a-CD < y-CD < PVP/VAC < B-CD. Similarly, when using ethanol
as the solvent, the ranking was: SSG < magnesium aluminometasilicate <
control < a-CD < B-CD <vy-CD < PVP/VAC.

Considering total isoflavone aglycone and glycoside yields, the ranking
of excipients in ethanol extraction would be: SSG < magnesium aluminome-
tasilicate < control < a-CD < -CD < PVP/VAC <vy-CD. Conversely, in water
extraction, the ranking would be: magnesium aluminometasilicate < control
< croscarmellose sodium < SSG < a-CD < y-CD < PVP/VAC < B-CD.

This comparison sheds light on the varying effectiveness of excipients in
different solvents, highlighting the importance of selecting the appropriate
combination for optimising isoflavone extraction. The excipients PVP/VAC
and B-CD demonstrate superior performance across various extraction condi-
tions, consistently yielding higher amounts of isoflavones compared to other
excipients. Their efficacy in enhancing both genistein and daidzein extraction
in different solvents suggests their versatility and reliability in isoflavone
extraction processes. The precise impact of excipients on isoflavone yield in
extraction processes is thoroughly reported in Papers I and 2.

The total phenolic content in aqueous extracts prepared with CD
excipients varied from 44.78 + 0.92 (B-CD using the reflux method) to
32.31 £0.63 mg GA/g dw (B-CD using ultrasound processing for 30 minutes
followed by reflux). Similarly, when the solvent was 50% (v/v) ethanol, the
content ranged from 54.12 + 0.46 (y-CD using ultrasound processing for 30
minutes followed by reflux) to 34.38 + 0.63 (a-CD using ultrasound pro-
cessing for 10 minutes followed by reflux) mg GA/g dw. Most samples
prepared with excipients, regardless of the solvent used, exhibited higher total
phenolic compound contents compared to control samples prepared without
CDs (p <0.05). Notably, y-CD proved to be the most effective excipient in
ethanol compared to the results obtained with a- and B-CDs. The best results
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for B-CD in ethanol were obtained under similar conditions to those used with
water; the total amount of phenolic compounds was 50.11 + 0.79 mg GA/g
dw (B-CD in ethanol using the reflux method). Employing ethanol with a-
CD, the best results were acquired using ultrasound processing for 30 minutes
and thermal hydrolysis, yielding 48.46 + 0.80 mg GA/g dw. It was determined
that cyclodextrins significantly increased total phenolic content (compared
with control) — using B-CD 20.29% (in aqueous samples); y-CD 22.26% (in
ethanolic samples).

The total flavonoid content ranged from 21.74 £ 0.12 to 17.95 + 0.08 mg
RU/g dw when excipients (CDs) and water were used. Using excipients with
ethanol as the solvent, the total flavonoid content ranged from 21.18 to
20.82 mg RU/g dw. The total flavonoid content results were consistent with
those of the total phenolic content, indicating that samples with a high level
of phenolic content also contained a significant amount of flavonoids. The
highest total flavonoid content was found in aqueous samples prepared with
B-CD using either the reflux method or ultrasound processing for 30 minutes
followed by reflux, resulting in 21.74 4+ 0.12 and 21.47 + 0.23 mg RU/g dw,
respectively. Conversely, the lowest flavonoid yields were detected in
samples prepared with y-CD. When ethanol was used as a solvent, the highest
flavonoid content was found in a sample prepared using o-CD with
ultrasound processing for 10 minutes, followed by reflux, yielding 21.18 +
0.24 mg RU/g dw. Similar quantities of flavonoids were observed in a-CD
samples prepared in ethanol and using reflux (21.13 = 0.13 mg RU/g dw), as
well as in B-CD samples prepared under the same conditions as a-CD
(21.11 +£ 0.28 mg RU/g dw).

The utilisation of SSG and PVP/VAC excipients in the extraction process
resulted in similar or even more significant increases in phenol and flavonoid
contents compared to the use of CDs under certain conditions.

The total amount of phenolic compounds in aqueous samples varied from
35.79 + 0.12 (prepared using 1% SSG and reflux) to 45.38 + 0.19 mg GAE/g
dw (prepared using 5% PVP/VAC, with ultrasound processing for 30 minutes
following reflux). In ethanolic samples, the range was from 43.11 + 0.24
(prepared using 1% SSG and reflux) to 52.48 + 0.24 mg GAE/g dw (prepared
using 1% PVP/VAC, with ultrasound processing for 30 minutes following
reflux). Increasing the concentration of PVP/VAC excipient in the aqueous
extraction media from 1% to 5% led to overall increases, with a statistically
significant difference (p < 0.05) observed specifically in samples prepared
through a combination of reflux and ultrasound processing. Across all
samples prepared with excipients in both 50% ethanol and water solvents,
there were statistically significant differences (p <0.05) compared to the
control samples.
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PVP/VAC demonstrated greater extraction efficacy than the SSG exci-
pient, even without increasing the concentration from 1% to 5%. Specifically,
when employing PVP/VAC, there was an average increase of 11% in the
amount of phenolic compounds compared to SSG. Nevertheless, using
PVP/VAC in water increased phenol content by approximately 36% compa-
red to controls, while in ethanol, it was around 24%. SSG increased phenol
content by approximately 8.93% in ethanol and significantly higher (around
22.57%) in water compared to controls.

The content of total flavonoids ranged from 20.44 + 0.12 (prepared using
1% SSG and reflux) to 23.10+0.10 mg RU/g dw (prepared using 5% PVP/VAC,
with ultrasound processing for 30 minutes following reflux) in aqueous
extracts, and from 24.57 + 0.13 (prepared using 1% SSG and reflux) to
26.98 £ 0.28 mg RU/g dw (prepared with PVP/VAC excipient using ultra-
sound processing for 30 minutes followed by reflux) in ethanolic extracts
with excipients. It was determined that using PVP/VAC excipient, the lowest
outcomes were observed with reflux alone, but an increase in flavonoid yield
occurred when ultrasound was incorporated and processing time extended
from 10 to 30 minutes. Similarly, a parallel pattern of increased flavonoid
yield was observed when using the SSG excipient in the extraction process.

The investigation revealed a direct correlation between the concentration
of PVP/VAC and the increase in flavonoid levels, specifically from 1% to
5%. A significant (p < 0.05) rise in flavonoid yield was noted when com-
paring samples with PVP/VAC concentrations of 1% and 5%. While a
comparable effect was observed when comparing results from both excipients,
it is noteworthy that adjusting the PVP/VAC concentration in the extraction
media demonstrated the potential for further increases in flavonoid concent-
rations.

Using ethanol as a solvent, the total flavonoid amount was the highest in
the sample prepared with PVP/VAC (5%) excipient using ultrasound pro-
cessing for 30 minutes and reflux (26.98 + 0.28 mg RU/g dw). The results
with ethanol and excipients were better than with water. Still, the same trends
remained: extracts prepared with PVP/VAC and SSG using only reflux
yielded the lowest flavonoid concentrations, but when combining this method
with ultrasound and increasing the processing time, the concentrations
increased. The results were statistically significantly higher than controls
prepared without excipients (p < 0.05).

Despite the total phenols and flavonoid content of samples with SSG and
PVP/VAC under conditions like ultrasound processing for 30 minutes following
reflux, showing greater results than using CDs, these excipients were much
more challenging to clean from the extraction media. After cooling down,
CDs required simple centrifugation and filtration and did not change the
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thickness of extracts. However, SSG and PVP/VAC changed the thickness,
and the cleaning process was much longer and more expensive. The influence
of excipients on phenolic and flavonoid content in extraction processes is
comprehensively examined in Papers 3 and 6.

2.1.3. Antioxidant effects of excipient-enhanced extracts and
their correlation with phenols

The ABTS assay determined ethanolic samples’ radical scavenging acti-
vity, ranging from 463.92 + 6.46 to 385.56 £ 6.51 ug TE/g dw. The highest
and lowest values were observed in the extract prepared using PVP/VAC with
ultrasound processing for 30 minutes and in the control sample prepared
without excipients but under identical conditions, respectively. Similar trends
were noted in the DPPH assay. Specifically, employing PVP/VAC, ultrasound
processing for 30 minutes and reflux resulted in the highest antioxidant
activity, registering at 12.81 = 0.05 pg TE/g dw, while the lowest activity was
observed in the ethanolic control sample under identical conditions, measu-
ring 10.49 + 0.22 ug TE/g dw. FRAP method demonstrated that the highest
ferric ion reducing power was observed in a sample prepared with y-CD using
only reflux (193.57 + 1.94 mg FE(II)/g dw), whereas the lowest was observed
in the control sample, consistent with the results obtained from the ABTS and
DPPH methods (141.04 = 7.16 mg FE(II)/g dw). Employing the post-column
ABTS method revealed that the sample with a-CD prepared with reflux
exhibited the highest antioxidant activity (32.68 + 1.31 mg TE/g), while the
lowest was detected in the control sample under the same conditions (9.38 +
0.38 mg TE/g ethanolic sample). Importantly, all samples prepared with exci-
pients exhibited statistically higher antioxidant values across all methods
compared to the controls.

The experiments conducted on aqueous and ethanolic samples using
ABTS and FRAP methods showed consistent results: the 5% PVP/VAC mix-
ture, prepared with 30 minutes of ultrasound treatment followed by reflux,
demonstrated the highest antioxidant activity. This method proved effective,
with antioxidant capacities measuring 419.29+ 7.00 pg TE/g dw and
167.45 £ 2.06 mg FE(II)/g dw according to the ABTS and FRAP methods,
respectively. Nevertheless, the ABTS method indicated similar antioxidant
activity between the y-CD (under the same conditions as the previously
mentioned PVP/VAC sample) and B-CD (using reflux) samples, comparable
to the PVP/VAC sample, and the differences between all three samples were
statistically insignificant. Notably, the DPPH method revealed a different
outcome, with the B-CD sample treated with reflux showing the highest anti-
oxidant capacity at 11.52 + 0.12 pg TE/g dw. The ABTS post-column results
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closely matched both the sample prepared using B-CD and reflux, as well as
the 1% PVP/VAC sample prepared using 30 minutes of ultrasound followed
by reflux, with values of 20.68 = 0.83 and 20.9 + 0.83 mg TE/g dw, respecti-
vely.

Upon observing the correlations among the samples, it was evident that
all the samples prepared with excipients exhibited a robust relationship
between total phenolic content and DPPH assay. Notably, SSG samples
displayed the weakest correlation between the identified phenolic compounds
and antioxidant activity, both in aqueous and ethanolic samples.

The most significant correlations between phenolic compounds and anti-
oxidant methods were observed in PVP/VAC ethanolic samples, with coefti-
cients of 0.959 (ABTS), 0.981 (DPPH), and 0.994 (FRAP). Similarly, in
aqueous samples, the highest correlations were found with B-CD, scoring
0.979 (DPPH), 0.424 (ABTYS), and 0.998 (FRAP). The enhancement of anti-
oxidant activity in samples prepared with excipients and their correlation
with phenolic compound content is presented in Papers 3 and 6.

The post-column ABTS method revealed the highest antioxidant activity
in the ethanolic GE1 sample at 30.16 £ 1.21 mg TE/g, closely followed by
PVP/VAC with 29.04 + 1.16 mg TE/g dw, and the lowest in the BE1 ethanolic
sample at 10.73 = 0.43 mg TE/g. All samples demonstrated statistically signi-
ficant increases in antioxidant levels compared to the controls. When using
water as the solvent, the greatest radical scavenging activities were observed
in samples extracted with PVP/VAC (20.90 + 0.83 mg TE/g) and B-CD
(20.68 = 0.83 mg TE/g). The post-column ABTS method identified hyperosi-
de, quercetin-O-hexoside-acetate, clovamide, and caffeoylmalic acid as cont-
ributing more to antioxidant responses than isoflavone aglycones daidzein,
genistein, and their glycosides daidzin or genistin. Detailed findings and com-
pound analyses from the ABTS-post column method are discussed in Papers 3
and 6.

2.1.4. Antimicrobial and antiviral activity of extracts

The antimicrobial activities of the samples were evaluated by monitoring
their diffusion into solid nutrient agar. Various formulations, including samp-
les containing excipients (PVP/VAC, SSG, and a-, B-, y-CDs in water or
ethanol), as well as controls prepared without excipients, were tested against
pathogenic bacteria. Despite assessing all three different preparations, no sig-
nificant difference was discerned between the samples prepared with exci-
pients and those without. Therefore, only the results of the ethanolic and aqueous
samples prepared using ultrasound processing and reflux are provided.
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In this study, despite employing a maximum concentration of red clover
extract at 210 mg/mL, no inhibitory effect was observed on Enterococcus
faecalis, Pseudomonas aeruginosa, or Klebsiella pneumoniae in either the
water or ethanolic samples. Furthermore, the ethanolic extract showed no
inhibition against Bacillus cereus. Gram-positive bacteria were more suscep-
tible to the aqueous extracts tested than Gram-negative bacteria. The aqueous
samples inhibited five microorganisms: Staphylococcus aureus (125.51mg/mL),
Staphylococcus epidermidis (65.92 mg/mL), Bacillus cereus (99.34 mg/mL),
Escherichia coli (99.34 mg/mL), and Candida albicans (210.16 mg/mL) and
the ethanol samples inhibited four: Staphylococcus aureus (34.23 mg/mL),
Staphylococcus epidermidis (25.92 mg/mL), Escherichia coli (34.23 mg/mL),
and Candida albicans (34.23 mg/mL). The more detailed antimicrobial acti-
vity of red clover extracts is presented in Papers 4 and 6.

The CC50 of Trifolium pratense L. against Vero cells was found to be
4.8 mg/mL. The solvent used ethanol, at concentrations of 8% (red clover at
4.8 mg/mL) and 6.67% (red clover at 4.0 mg/mL), exhibited a virucidal
effect. Dilutions of 1:15 and 1:30 demonstrated a 90% reduction in viral titre,
displaying moderate to contributory virucidal activity. At a 1:15 dilution
(2 mg/mL), exhibited moderate virucidal activity, with a virus reduction of
2.75 logio. Similarly, at a 1:30 dilution (I mg/mL), virus reductions ranged
between 1.125 logio and 1.75 logio. The virucidal activity of the extract was
found to be dose-dependent (p < 0.05).

Antiviral testing of Trifolium pratense L. extracts revealed effectiveness
against IBV, offering protection to Vero cells prior to or during infection.
However, pretreatment of IBV with extracts post-infection and cell pretreat-
ment before infection failed to inhibit 100% of the CPE completely. The more
detailed Antiviral Activity of red clover ethanolic extract is presented in
Paper 4.

2.2. Preparation of emulsions and their parameters

2.2.1. Formation and evaluation of red clover extract emulsion
with different oils

Emulsions were formulated using red clover extracts as the active
ingredient.

In the research to prepare emulsions, ethanolic and aqueous extracts of
red clover prepared with -CD were used. This decision was based on several
properties: B-CD does not alter the viscosity of the extract, ensuring that the
consistency remains favourable for application purposes; additionally, the
excipient was fully separated from the final product. Importantly, the extract
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enhanced the ease of emulsion formation with oil and significantly improved
emulsion stability, a critical factor for its effectiveness. The extract had been
concentrated to increase the potency further, doubling the concentration of
active compounds.

Alginate or chitosan was employed in their creation to ensure solubility
in both the stomach and intestines. Out of twelve chitosan-based formulations
tested, only four (C1P, C2P, C1B, C2B) were deemed suitable for further
investigation. Similarly, sixteen alginate-based formulations were explored,
with four (A1M, A2M, A1B, A2B) progressing to further research. Emulsi-
fiers utilised included mustard and B-CD. Various plant oils were tested for
emulsion formation, with sweet almond oil yielding the smallest particles,
thus becoming the preferred choice throughout the study.

Alginate emulsions demonstrated higher stability, ranging from 98.3 +
1.2% (A2M) to 100 + 0.8% (A 1B), while chitosan emulsions exhibited lower
stability, varying from 92.3 + 0.5% (A2M) to 95.6 + 0.6% (C2P). The droplet
size in alginate emulsions ranged from 0.3 to 5.6 um, whereas in chitosan
emulsions, it ranged from 0.8 to 18.7 um. Alginate-based emulsions were
classified as microemulsions, while those with chitosan were categorised as
macroemulsions based on droplet size.

Emulsions formulated with a 2% alginate solution exhibited significantly
higher viscosity, with samples A1M and A1B measuring 3460.6 + 51.2 and
4425.8 + 78.4 mPa-s, respectively, compared to those with a 0.5% alginate
solution (A2M and A2B — 2882.0 + 87.8 and 3072.3 + 47.1 mPa-s, respecti-
vely). Among chitosan samples, C1P with a polysorbate 80 emulsifier showed
the highest viscosity at 5456.4 + 63.6 mPa-s, while samples with a higher
concentration of red clover extract (20%) in C2P and C2B exhibited the
lowest viscosity (A2P —4654.5 + 81.9 and C2B 4284.8 + 65.3 mPa's). For-
mulations and physical parameters of alginate and chitosan emulsions are
presented in Paper 7.

2.2.2. Formation and investigation of emulsions incorporating
Mpyristica fragrans Houtt. essential oil and plant extracts

Various emulsion formulations were tested to determine the optimal
concentration of extracts and essential oils. Consistent with prior approaches
to emulsion preparation, red clover extract that had been prepared with 3-CD
and subsequently concentrated was used. Out of the formulations evaluated,
six were selected for further investigation, wherein their stability was
assessed through the addition and alteration of excipients aimed at enhancing
stability. The stability of all six prepared emulsions varied. Notably, the E6
emulsion exhibited the highest stability at 100% (CI) when all three exci-
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pients were utilised (6.2% maltodextrin, 4.3% inulin, and 1.5% gum Arabic).
The stability comparison revealed that a single excipient (maltodextrin/
inulin/gum Arabic) couldn’t maintain stability, with CI below 50%. Incorpo-
rating two additional excipients significantly increased stability by about 46%
compared to E1. Subsequently, this emulsion was employed in the production
of microcapsules using the extrusion method.

The drop diameter of Myristica fragrans Houtt. essential oil within the
E6 emulsion was measured at 0.571 pum. Key percentiles were assessed, re-
vealing that D10 measured 0.328 +£0.051 pm, D50 measured 0.46 +0.03 um,
and D90 measured 0.89 £ 0.094 um. The dynamic density of this emulsion
was 55324+ 56.5 mPa-'s. For a deeper insight into both the emulsion
preparation process and the investigation conducted, refer to Paper 4.

A formulation E6, with specific adjustments, was chosen to prepare mic-
rocapsules using both freeze-drying and spray-drying methods. Challenges
arose when the emulsion coalesced into a lump despite efforts to disperse it,
rendering dilution ineffective. Consequently, alterations were made to the use
of alginate in this formulation and the techniques employed, requiring a
higher proportion of dry materials to yield sufficient product. As a result,
alternative excipient amounts were selected to compensate for the absence of
alginate. The final emulsion formulation comprised red clover extract (12.4%),
liquorice extract (49.59%), nutmeg essential oil (0.83%), gum Arabic (5.58%),
maltodextrin (18.6%), and inulin (13.2%). As the methods necessitate a more
liquid formulation, the addition of water to the emulsion alters its physical
parameters, making it impractical to measure them. Refer to Paper 5 for
details regarding the emulsion formulation process and the conducted
analysis.

2.3. Microcapsule formation and parameters

2.3.1. Characterising gastrointestinal-soluble, extruded red clover
emulsion microcapsules

Microcapsules were formed from eight emulsions. Alginate microcapsu-
les containing mustard (A1M, A2M) extract exhibited a darker colour, attri-
buted to the extract’s light brown shade and a subtle mustard aroma. Notably,
when B-CD (A1B and A2B) was utilised as an emulsifier, the microcapsules
displayed reduced aggregation and achieved a more consistent morphology,
contrasting with those formulated using mustard extract as the emulsifier.
Alginate microcapsules exhibited greater uniformity compared to those
formed with chitosan. The sizes of freshly prepared microcapsules varied
depending on alginate concentration — lower alginate concentrations were
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bigger (A2M and A2B — 3.06 + 0.03 mm and 2.46 + 0.08 mm, respectively)
compared to lower concentrations samples (A1M and A1B —2.58 = 0.06 mm
and 2.18 £ 0.04 mm, respectively). The microcapsule samples underwent
substantial shrinkage, reducing their original size by over 50%. Alginate
samples incorporated with mustard displayed shrinkage up to 61.56% for
A1M and 68.25% for A2M, while samples with B-CD exhibited a comparable
reduction of roughly 75%. The swelling capacity of alginitic microcapsules
was lower when gelling agent concentrations were lower (A2M 124.86 +
1.56% and A2B 132.82 + 1.11%) compared with microcapsules with higher
alginate concentrations (AIM 135.37 + 2.45% and AIB 146.11 + 1.67%).
Similarly, higher gel former concentration resulted in stronger microcapsules,
and the A1M sample had the highest firmness of 4400.01 + 159.66 g. The use
of mustard extract increased the firmness compared to samples with an
emulsifier B-CD.

All chitosan samples displayed a uniform light brown colour, unaffected
by the emulsifiers used. Microcapsules with polysorbate 80 (C1P and C2P
1.79 £ 0.09 mm and 1.97 + 0.05 mm, respectively) resulted in smaller micro-
capsules compared to B-CD (CIB and C2B 2.37 + 0.05 mm and 2.15 +
0.02 mm, respectively); additionally, higher concentrations of red clover (for-
mulations C2) extract led to larger microcapsules with polysorbate 80, while
with B-CD, the size decreased. Like alginate microcapsules, those made of
chitosan also experienced shrinkage. Among them, the smallest was the chito-
san microcapsules C1P, incorporating polysorbate 80, measuring 1.22 +
0.08 mm. Microcapsules containing polysorbate 80 exhibited the least shrink-
age due to their lower water content (C1P ~53.70% and C2P ~55.70%).
Samples containing B-CD showed a comparable reduction of approximately
75%. Microcapsules containing higher concentrations of red clover extract
exhibited significantly softer textures compared to those with lower red
clover content. Specifically, the sample prepared with polysorbate 80 (C2P)
displayed the lowest firmness, measuring 538.31 +20.32 g. Among the chito-
san samples, C1B demonstrated the highest firmness at 1266.78 + 97.97 g.
However, overall, the chitosan samples were notably softer when compared
to alginate microcapsules. For further elaboration on the physical characte-
ristics of microcapsules with alginate and chitosan, refer to Paper 7.

2.3.2. Physical parameters of red clover, liquorice extracts and
nutmeg essential oil microcapsules

Microcapsules were prepared using the E6 formulation containing nut-
meg essential oil, red clover flowers and liquorice root extracts. The extrusion
method used a 5% crosslinker (CaxCl) solution, resulting in spherical micro-
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capsules with a light brown colour. The yield of microcapsules obtained was
68.67 = 3.08% according to phenolic compounds content, with microcapsules
measuring 1.87 £ 0.35 mm in diameter and exhibiting softness, requiring a
force of 3758.52 to 4135.87 g to crush. The diameter of microcapsules
decreased to 0.76 + 0.11 mm, surpassing the device’s maximum force capa-
city of 6500 g. In gastric media, the swelling index ranged from 19.74% to
13.96%, with alginate microcapsules displaying no swelling. Conversely, in
the intestinal medium, microcapsules swelled significantly, ranging from
25.22% to 121.59%. A detailed description of microcapsule physical para-
meters is provided in Paper 4.

2.3.3. Comparative analysis of freeze-dried versus spray-dried
microcapsules with red clover, liquorice extracts and nutmeg oil
essential oil

For the microcapsule samples prepared using lyophilisation (LM) and
spray-drying (SDM), the exact formulations of emulsions were used, including
red clover, liquorice extract, and nutmeg essential oil. The two preparation
methods exhibited notable differences in yield, moisture content, physical
characteristics, and the release of bioactive compounds.

The yield of microcapsules prepared using lyophilisation was 85.34%
and 45.12% using spray-drying. However, the moisture content in the SDM
(3.24 £ 0.36%) samples was significantly lower than that in the LM (4.45 +
0.23%) samples. The powder form microcapsules were analysed according to
the pharmacopoeia test to determine their quality. The flowability of LM and
SDM samples was different. According to the compressibility index and
Hausner ratio, the powder of LM microcapsules was of fair quality (20.83
and 1.263, respectively), but SDM had very poor flowability (compressibility
index 38.71, Hausner ratio 1.632). Spray-dried microcapsules exhibited a
solubility of 95.16%, whereas lyophilised microcapsules showed a solubility
of 94.69%. Despite spray-dried microcapsules having slightly higher solu-
bility, statistical analysis revealed an insignificant difference. It is concei-
vable that particle size may have influenced solubility. Encapsulated essential
oil particles produced using lyophilisation and spray drying were 13.51 pm
and 7.33 um, respectively, expressed as D [4, 3]. LM sample uniformity was
0.533 and SDM 0.379. Therefore, LM essential oil particles’ sizes (in micro-
capsules) had a wider distribution range compared to the SDM samples. A
scanning electron microscope revealed larger LM sample shapes than SDM
samples. While spray-dried microcapsule powder displayed small splinter-
shaped particles alongside spherical shapes, freeze-dried microcapsule powder
exhibited an irregular form resembling shattered glass.
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All the results obtained with LM samples determining active compounds
were significantly higher than SDM samples obtained using spray-drying.
The total phenolic content measured in the LM sample was 11.47 = 0.01 mg
GA/g dw, whereas in the SDM sample — 8.56 + 0.42 mg GA/g dw. It can be
concluded that the freeze-drying process caused less phenolic compounds
degradation than spray-drying. Similar trends were noted in total flavonoid
content, mirroring the observations of the phenolic content. The LM formu-
lation showed slightly higher levels of flavones (7.56 + 0.02 mg RU/g dw)
than the SDM sample (5.21 £+ 0.22 mg RU/g dw). Additionally, there was a
positive correlation between phenolic content measurements and antioxidant
activity across three different methods (DPPH, ABTS, and FRAP). All the
results of the antioxidant activity of the LM sample were statistically higher
(p <0.05) compared to SDM. Since the lyophilised powder sample showed
better quality and had more beneficial compounds like phenols and flavo-
noids, as well as stronger antioxidant properties compared to the spray-dried
sample, it was decided to research further and use only LM microcapsules
powder. For additional investigation and comparison of microcapsules
prepared via lyophilisation and spray drying, see Paper 5.

2.4. Product development

2.4.1. Development and investigation of extruded microcapsules
in capsule form

Extruded microcapsules with essential oil and extracts could be an
additional form to incorporate in other pharmaceutical forms or used alone in
personalised dosages for therapeutic benefits. Swelling is essential for the
controlled release of the encapsulated material; the microcapsule shell can
swell, changing its permeability and controlling the encapsulated substance’s
release rate and target site. Extruded microcapsules’ swelling index in gastric
media was from 19.74% to 13.96%, and alginate microcapsules with extracts
and essential oil did not swell in gastric fluid. Conversely, microcapsules
swelled from 25.22% to 121.59%, and the maximum swelling index was
reached after 24 hours. Nevertheless, after that, the microcapsule lost its
shape and softened. These microcapsules were only soluble in gut media. For
further information about microcapsules with essential oil swelling, see
Paper 4.

Developing microcapsules using solely red clover extract and employing
both alginate and chitosan as base materials with various emulsifiers’ diffe-
rent behaviours in gastric and gut media. Specifically, microcapsules
composed of chitosan (formulations C1 and C2) readily dissolved upon
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exposure to gastric media. Meanwhile, alginate-based microcapsules (formu-
lations A1 and A2) initially underwent swelling in the gastric environment
before its dissolution within the intestinal media. Chitosan microcapsules
were observed to fully solubilise within 90 minutes. Not all alginate micro-
capsules disintegrated after 270 minutes of in vitro testing, including 150
minutes in intestinal media. Specifically, the Al formulation demonstrated
notable resilience, attributable to its thicker shell derived from a higher
alginate concentration of 2%. This contrasted with the A2 formulation, which
had a lower alginate concentration of only 0.5% and showed a different rate
of disintegration. Most phenolic compounds were successfully released in
vitro; however, some losses were experienced during the microencapsulation
process. Among the alginate microcapsules, the highest concentration of
phenolic content was observed in sample A2M, with 22.71 + 0.08 mg GAE/g
released after 210 minutes. Conversely, the lowest concentration was found
in sample A1B, measuring 17.92 + 0.06 mg GAE/g after 270 minutes.
Regarding chitosan samples, the highest release of phenols occurred in
sample C2P, with 18.14 + 0.19 mg GAE/g being released after 90 minutes.
Among the isoflavones released, genistein exhibited a gradual release,
reaching its highest release concentration in the A2B alginate sample. In
contrast, the lowest concentration of genistein was observed in the AIM
sample. Similar release kinetics were noted for biochanin A and daidzein
across different alginate samples. In the case of chitosan microcapsules,
especially in the C2 formulation, a progressive dissolution over time was
observed, resulting in the release of nearly all isoflavone aglycones. Notably,
the incorporation of B-CD significantly enhanced the release of isoflavones
in chitosan microcapsules, as evidenced by sample C2B surpassing C2P in
genistein release. All chitosan samples underwent complete solubilisation in
stomach media, with the C2 formulations demonstrating the highest release
rates, albeit with comparatively lower concentrations of released biocha-
nin A. Refer to Paper 7 for further information on soluble extruded micro-
capsules in hard capsule form and the in vitro release of active compounds.

2.4.2. Determining parameters of chewable gel base tablets —
incorporating lyophilised microcapsules and investigating
in vitro release of bioactive ingredients

The lyophilised powder exhibited higher yields and more efficient
encapsulation than the spray-dried powder. Consequently, subsequent studies
focused solely on the powder of LM microcapsules. These microcapsules
demonstrated complete dissolution after 30 minutes in intestinal media,
remaining fully undissolved in the stomach for up to 90 minutes. The
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concentrations of bioactive compounds after 120 min in the gut media of the
LM sample were 428.25 ng/mL, 235.63 pg/g, and 91.36 pg/g (glycyrrhizin,
daidzein, and genistein, respectively). The lowest concentration of all the
compounds was genistein. Isoflavones, daidzein, and genistein were released
gradually in the gastric and intestinal medium. Regardless, glycyrrhizin
release was most intense between 60 and 90 min. The percentage of deter-
mined monoterpenes in microcapsules LM release is calculated based on the
concentrations of compounds identified in the essential oil. The maximum
number of essential oil compounds was determined after 30 minutes — later,
their amounts decreased. Sabinene’s released concentration was the highest
compared to other compounds of the nutmeg essential oil —=58.51% (after 30
minutes). These microcapsules alone could also be put in the hard capsule
shell or compressed into tablets. For further information on the release of LM
microcapsules, refer to Paper 5.

It was decided to select chewable gels as the base among all available
pharmaceutical forms and integrate microcapsules into it. A gelatin base was
selected as the control, while the test samples were prepared with pectin as a
base. Five compositions (A-E) were formulated. The best composition was
selected by the appearance and flavour as the tablet’s basis didn’t contain
additional sugar of the tablets (E tablets were very hard, A and B were soft
and were not taken out from the form without mass loss, and D lacked flavour
intensity. Composition C was selected for incorporation into the microcap-
sules. The contrast in appearance between gelatin and pectin tablets was dis-
tinct: gelatin tablets had a smoother surface, whereas pectin tablets appeared
rough. Unlike their pectin counterparts, gelatin tablets exhibited less firmness
and hardness but greater elasticity. Pectin chewable gel tablets with lyophi-
lised microcapsules were significantly firmer and harder (1303.3 £377.28 g
and 798.09 +201.12 g, respectively) among all the samples, especially when
compared to the control sample of gelatin with LM microcapsules (548.69 +
12.63 gand 549.51 + 11.36 g, respectively). The tablets containing microcap-
sules showed an increase in firmness and hardness by approximately 27% and
31%, respectively, in the pectin base. However, gelatin tablets remained soft,
with an increase of about 63% in firmness and 34% in hardness. Incorporating
microcapsules notably reduced gelatin-based tablets’ stickiness by 68% but
increased it by 10% in pectin samples. The correlation with springiness re-
mained undetermined; however, it was evident that pectin tablets exhibited
lower elasticity than gelatin tablets (compared to their respective control
tablets). For further information on the comparison of different chewable gel
base preparations and physical parameters tests, see Paper 5.
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The final test sample for the in vitro release test was done after 360
minutes following the complete disintegration of the chewable tablets in the
gut media. This was done to assess the effectiveness of gel tablets based on
the bioactive compounds (glycyrrhizin, genistein and daidzein). The pectin-
based chewable tablets demonstrated an encapsulation effectiveness of
71.36 £ 4.22% for glycyrrhizin, 72.03 + 6.84% for daidzein, and 64.83 +
2.37% for genistein. Conversely, in gelatin tablets, the release effectiveness
of active compounds was 63.41 + 3.64% for glycyrrhizin, 61.78 + 4.23% for
daidzein, and 60.11 + 3.82% for genistein. Comparatively, the gelatin LM
sample exhibited lower concentrations of active compounds and relatively
diminished release effectiveness, suggesting performance limitations com-
pared to pectin-based tablets. Most monoterpenes from microcapsules were
released within 30 minutes, with B-terpinene being the most abundant volatile
compound. Pectin-based tablets generally exhibited higher release amounts
of compounds (p <0.05), except for sabinene, which showed a maximum
release from gelatin-based tablets. See Paper 5 for further clarification of
release profiles of chewable gel-base tablets with and without microcapsules.
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3. DISCUSSION

Trifolium pratense L. contains isoflavones, which are of considerable
interest to the pharmaceutical industry because of their potential health
benefits and applications [6, 52]. Despite the considerable interest, there is a
notable gap in comprehensive information on the total phenolic content and
antioxidant activities of red clover flower extracts. While the focus has
historically been on leaf extracts — presumed to contain higher isoflavone
concentrations — recent studies suggest that the flowers also offer significant
amounts of these valuable compounds [53-56]. Selecting the appropriate
extraction method for isolating isoflavones from red clover flowers is crucial
to ensure that the process is cost-effective, environmentally friendly, and safe
while also addressing the challenge of isoflavones’ limited solubility.

Different parameters (solvent, temperature, extraction method and time,
glycosides hydrolysis method) of the extraction process had to be refined
during this study in order to enhance isoflavones aglycones, daidzein, and
genistein yield in the obtained red clover flower extract and later selection of
suitable excipient. Three extraction methods were employed to establish an
ideal strategy for extracting isoflavones. These methods were combined with
various hydrolysis techniques (including acidic, alkaline, thermal, natural
fermentation, and no hydrolysis) to convert glycosides into aglycones. The
extraction techniques utilised were ultrasound-assisted extraction, heat-reflux
extraction, and maceration. Many of these methods have been reported in the
literature for extracting phenols or isoflavones from various legumes [57-60].

This research revealed that ultrasound-assisted extraction, especially
when conducted at a processing temperature of 40 °C for 10 or 30 minutes,
along with the heat-reflux method or heat-reflux method alone, was signifi-
cantly more efficient at yielding higher amounts of isoflavones compared to
other methods. During ultrasound-assisted extraction, the intense conditions
caused by the collapse of solvent vapour and dissolved gas bubbles damage
the red clover cell walls through liquid medium penetration. This process
promotes solvent entry and enhances the extraction of phenols, including
isoflavones glycosides and aglycones. However, it was observed that pro-
longed sonication could lead to the degradation of the extract despite the
minimal formation of reactive oxidising agents like hydroxyl radicals and
hydrogen peroxide [61, 62]. This process was in agreement with our findings
that increasing processing time can negatively affect isoflavone yields,
emphasising the importance of sonication duration. Notably, our study was
supported by the literature suggesting that the stability of isoflavones agly-
cones under different pH and temperature conditions heavily influences their
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yield during extraction and glycosides hydrolysis. These conditions can lead
to their degradation or transformation into derivatives, leaving most of the
used hydrolysis methods ineffective, except for thermal hydrolysis [63].
Thermal hydrolysis stands out as it leverages heat to induce chemical changes
within isoflavones. These changes include the decarboxylation of malonyl-
glucosides into acetyl-glucosides and the breakdown of ester bonds, which
often results in the formation of glucosides. High-temperature processes
facilitate the conversion of glycosides to aglycones, highlighting the neces-
sity for controlled thermal conditions in optimising isoflavone extraction [58,
64].

This study determined that ethanol, particularly at a 50% concentration,
significantly outperformed water in extracting isoflavones like daidzein and
genistein, a result that can be attributed to ethanol's balanced polarity, which
not only facilitates the dissolution of these moderately polar compounds but
also aligns well with their solubility characteristics, enhancing their release
from the plant material [65]. These results align with those of L. Y. Yoshiara
et al., who demonstrated that pure organic solvents were inefficient for iso-
flavone extraction [66]. Additionally, Rostagno et al. concluded that a 50%
ethanol solution was the ideal solvent for isoflavone extraction using
ultrasound processing [67]. This finding is significant for the production of
nutraceuticals, as it suggests that ethanol not only optimises extraction yields
but also meets safety and regulatory requirements for such products.

Conversely, the limited solubility of isoflavones in water highlights its
inherent constraints as an extraction solvent. However, incorporating water-
soluble excipients like magnesium aluminometasilicate, sodium croscarmellose,
SSG, PVP/VAC, and a-, B-, y-CDs enhance water’s extraction performance,
suggesting a sustainable, although less efficient, alternative to ethanol-based
methods. The use of these excipients in the extraction media (ethanolic and
aqueous) to enhance the yield of isoflavones from red clover was done for the
first time. Excipients are mostly used in oral solid dosage forms to enhance
the bioavailability of poorly water-soluble drugs [68]. Therefore, using these
compounds can be beneficial even for extracting targeted compounds depen-
ding on the specific mechanism of action of each excipient. In this study,
excipients were expected to absorb daidzein and genistein during extraction
and increase their final yields. All excipients, except magnesium aluminome-
tasilicate, contributed to an increase in isoflavone yields (both in water and
50% ethanol) compared to control samples prepared under identical condi-
tions. Magnesium aluminometasilicate has been reported in the literature to
boost the yield and quantities of various compounds in essential oil extrac-
tions but did not enhance isoflavone yields in our experiments [23]. This
suggests that magnesium aluminometasilicate may preferentially absorb
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terpenes rather than isoflavones from red clover extracts, highlighting the
importance of selecting excipients that are compatible with the specific
compounds targeted for extraction.

All three CDs enhance isoflavone extraction by improving their solu-
bility and stability. They encapsulate the molecules’ hydrophobic sections,
boosting solubility and protecting the compounds from degradation through
hydrolysis and oxidation [28]. CDs also easily release bioactive compounds
after cooling down and are conveniently cleaned out from extraction media
using filtration. Daruhézi et al.’s investigation into genistein’s interactions
with different CDs revealed a minimal interaction with a-CD, suggesting a
lower affinity and less stable complex formation [69]. Consistent with these
findings, our study observed that the interaction between genistein and a-CD,
which has the smallest cavity size, was considerably less pronounced compa-
red to B- and y-CDs. However, our results demonstrate that a-CD signifi-
cantly enhances isoflavone yields compared to control samples, indicating its
effectiveness in isoflavone extraction despite its smaller cavity size [70].
Moreover, for CDs to effectively form complexes with targeted bioactive
compounds it should exhibit hydrophobic characteristics due to CDs’ hydro-
phobic cavities. The affinity between the host molecule (CDs) and the guest
molecules (in this study’s case, isoflavones) plays an important role in modu-
lating the hydrophobic characteristics of the guests. Daidzein and genistein,
with their inherently low solubility in water, benefit from this interaction.
Conversely, their glycosylated counterparts exhibit enhanced hydrophilicity,
a trait imparted by the polar sugar moieties attached to them, facilitating
improved water molecule interactions [71]. This property leads to an increase
in the yield of aglycones in extracts involving CDs, as the larger molecular
structure of glycosides poses challenges for their incorporation into the CDs’
cavities. Consequently, glycosides are either notably absent or present in low
concentrations in extracts prepared with ethanol and water.

Increasing the concentration of CDs in the water-based extraction
medium from 1% to 5% led to a notable enhancement in the levels of daidzin
and genistein. Specifically, daidzin levels increased by approximately 1.06,
1.4, and 1.25 times when using a-, B-, and y-CDs, respectively. For genistein,
its concentration saw an uptick with the use of a- and y-CDs (1.28 and 1.12
times, correspondingly) while observing a decline with B-CDs. Altering the
extraction solvent to a 50% ethanol mixture resulted in a significant boost in
aglycone yields, with an average increase of 2-3 times (compared with cont-
rols), except in the case of B-CD, where genistein’s yield decreased by 17%.
Particularly, a-CD utilisation in the extraction process increased genistein
yield by 3.32 times and y-CD by 2.36 times. Additionally, the quantity of
daidzein experienced growth across all CD variants — 3.64, 2.31, and 3.06
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times for a-, B-, and y-CDs, respectively. The genistein yield decrease with
B-CD could be explained based on Boonyarattanakalin et al.’s study results
that highlight the impact of ethanol in CD complexation, demonstrating that
ethanol can interfere with and compete for inclusion in CD complexes, parti-
cularly with B-CD [70]. This suggests a specific competitive interaction
between genistein and ethanol for B-CD binding.

Isoflavone extraction using SSG and PVP/VAC showed promising
outcomes, particularly when the concentration of PVP/VAC in water was
increased to 5%. While SSG and PVP/VAC effectively extracted isoflavones,
removing these substances completely from the extraction medium proved
challenging. Furthermore, high levels of SSG led to an undesirable thickening
effect within the extract, adversely affecting its characteristics.

The total phenolic and flavonoid contents, as well as the antioxidant
potential of extracts prepared with various excipients, were determined. The
excipients used in this study included SSG, PVP/VAC, and a-, -, y- CDs.
The extraction conditions were selected based on the three most promising
methods (ultrasound processing (10 or 30 min) followed by thermal hydro-
lysis or reflux alone) identified in previous research, which focused on isofla-
vone yield. Previously determined isoflavone yields were in agreement with
determined phenols and flavonoid contents. The study demonstrated a notable
increase in phenolic compounds when utilising excipients in aqueous extrac-
tions, significantly surpassing control samples without excipients (p < 0.05).
Among the excipients, a- or B- CDs facilitated the most efficient phenolic
extraction via reflux; however, integrating ultrasound with reflux reduced
phenolic yield. Conversely, employing y-CD, PVP/VAC, and SSG alongside
ultrasound and reflux proved more advantageous, though y-CD and SSG
yielded lesser phenolics compared to a- or f-CDs. Aqueous extractions with
B-CDs and PVP/VAC showed enhanced phenol and flavonoid levels, whereas
ethanol extractions favoured a-, y-CDs, SSG, and PVP/VAC for higher
yields. Kaurinovic et al. indicated lower flavonoid levels in red clover with
water or ethanol compared to this investigation [72]. Esmaeili et al. reported
flavonoid yields in vivo red clover ranging from 27.57 to 46.88 mg GAE/g
dw, aligning with our findings using non-toxic, green extraction methods
[73]. Kiigiikboyaci et al.’s research showed higher active compound levels
using methanol, a potent but toxic solvent [74]. The use of methanol and
chloroform poses toxicity risks and is deemed unsafe for studies on living
organisms. Despite solvent evaporation steps, the risk of residual toxicity
highlights the safer alternative of employing non-toxic solvents and exci-
pients, ensuring cleaner final extracts [75].
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Antioxidant activities were measured through various methods due to
the diverse array of antioxidants present in plant extracts, including ABTS,
post-column-ABTS, DPPH, and FRAP test. The results highlighted that
extraction conditions, particularly the use of excipients, significantly impact
the extracts’ phytochemical composition and, consequently, the antioxidant
effectiveness [76]. The biological benefits of polyphenolics are linked to their
antioxidant properties, such as neutralising free radicals. These include their
roles in antibacterial, anti-inflammatory, antiallergic, antiviral, cancer pre-
vention and others [77]. While there is considerable research on phenols in
red clover, studies specifically targeting its flowers are limited, as most
research focuses on the leaves or the entire plant. Jakubczyk et al.’s investi-
gation involved extracting red clover flowers using a Soxhlet apparatus with
96% ethanol, finding its antioxidant activity (measured by DPPH) to be
around 30% lower for controls and 33-39% lower for samples with excipients
compared to this study [78]. Similarly, Horvat et al. prepared extracts from
the leaves of different red clover strains, revealing that their DPPH inhibition
was on average 18% lower than our controls and 24-27% lower than our
samples with excipients [79]. Both the ABTS and DPPH methods showed
similar results, which demonstrate that the results are reproducible and that
these methods are complementary. Literature indicates that red clover flowers
typically demonstrate low (0.0251 mg FE(II)/g dw) to undetectable reducing
antioxidant power via FRAP method [78, 80]. Contrasting these findings, our
samples showed statistically higher activities than the controls, with no
significant variance observed between those prepared using PVP/VAC and
SSG. Differences were noted with the use of CDs. Moreover, despite the use
of different solvents and drying conditions for red clover, the results of this
study exceeded those documented by Zawislak et al. in all instances involving
excipient samples [81]. Numerous studies have also reported this correlation
[79, 82]. This confirms that the phenolic compounds are the primary source
of inherent antioxidant activity, which has additionally been stated in other
publications [76, 83]. The correlations showed stronger results in ethanol
samples for PVP/VAC and SSG than those in water when using CDs with
varying mechanisms of action as excipients. However, employing excipients
enhances flavonoid solubility in water and ethanol, enhancing extracts’ anti-
oxidant activity.

The ABTS post-column method is beneficial for analysing the antioxi-
dant activities of specific compounds in complex mixtures [84]. This study
assessed both an extract’s overall antioxidant capability and a standard isofla-
vone mix (genistein, daidzein, genistin, and daidzin), known for contributing
to radical scavenging activities [85]. However, isoflavones showed no
antioxidant activity in this method, suggesting they require longer ABTS
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assay incubation times to reach reaction equilibrium, a finding supported by
existing literature [86]. Despite prolonged incubation, when tested via the
ABTS spectrophotometric method, the isoflavone samples showed a minimal
antioxidant response of 134.64 + 5.87 pg TE/g. This minimal activity indi-
cates that isoflavones might enhance the overall antioxidant effect of the
extract through synergistic interactions with other compounds [87, 88]. In the
extracts, the ABTS post-column chromatogram identified caffeic malic acid,
hyperoside, and clovamide as having the highest antioxidant response
compared to other compounds present.

Despite the literature suggesting limited antimicrobial and antivirus
activity in red clover flowers, our findings reveal that red clover extract
exhibits selective antimicrobial action, particularly in higher concentrations,
especially against Gram-positive bacteria. Excipients do not significantly
alter the antimicrobial activity of red clover, nor does it vary markedly between
ethanolic and aqueous extracts, with both types showing effectiveness against
a number of microorganisms. The main active compounds in red clover,
daidzein and genistein, have been identified as potential antimicrobial agents,
particularly against Gram-positive bacteria. These findings are consistent
with the literature — Khan et al. reported that for the extracts of the species
Trifolium, the studied extracts presented a greater efficiency against gram-
positive bacteria rather than gram-negative bacteria [89].

The red clover extracts demonstrated a dose-dependent reduction in viral
titers, achieving significant virucidal activity at certain dilutions. Specifically,
higher concentrations were more effective, indicating potential for Trifolium
pratense L. as a natural antiviral agent. Red clover extract could lead to effec-
tive, natural remedies against viral infections.

Various red clover extract emulsions were created using different oils and
emulsifiers to identify the key components for further microcapsules develop-
ment. Sweet almond oil produced the smallest particles with all emulsifiers
(polysorbate 80, mustard extract and B-CD), enhancing emulsion stability
through a robust barrier at the oil-water interface [90]. Smaller oil particles
in emulsion result in tighter packing and uniform coverage in microcapsule
formation, ensuring better encapsulation efficiency and controlled release —
key for long-term stability and precise delivery in applications [91].

Four formulations were chosen (two with alginate (A1, A2) and two with
chitosan (C1, C2)) with varying emulsifiers, and in the chitosan case, the
extract was used. All of the emulsifiers were of different origins: acts as a
natural emulsifier forming a protective layer around oil droplets; B-CD is a
naturally derived cyclic oligosaccharide but can be obtained synthetically, it
is a non-ionic surfactant and emulsifier forming Pickering emulsions and
polysorbate 80 synthetic, non-ionic surfactant and emulsifier, facilitating the
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dispersion of oil droplets within the aqueous phase [92-94]. Due to their
distinct chemical properties, alginate and chitosan face challenges in forming
emulsions with identical formulations. Therefore, the formulation between
form emulsions differs, and the ones prepared with alginate were more stable
as xanthan gum was used as a co-emulsifier to enhance the stability of the
system, and it didn’t make the samples as thick as with chitosan [95-97].

The alginate concentration positively affected emulsion stability, mir-
roring observations in the literature [98, 99]. However, higher concentrations
of alginate led to higher viscosity within the samples. B-CD demonstrated
superior emulsification in both alginate and chitosan samples without signifi-
cantly altering their viscosity, unlike polysorbate 80 [100]. Furthermore,
B-CD did not introduce any extraneous odours or flavours as a mustard
extract. Instead, this compound can mask undesired tastes or smells, adding
to its appeal as an emulsifying agent [101].

In this research, when emulsions were formed only with red clover
concentrated extract, alginate-derived emulsions, with droplet sizes varied
from 0.3 to 5.6 um. It can qualify as microemulsions, typically defined by
100 to 1000 nm sizes and noted for their thermodynamic stability [102]. This
form of stability is attributed to droplets forming spontaneously, reducing the
system’s free energy without needing external energy for the process. Mean-
while, emulsions made from chitosan, showing droplet sizes ranging from 0.8
to 18.7 um, fall into the macroemulsion category. These are recognised for
their kinetic stability, in contrast to the thermodynamic stability seen in
microemulsions [102, 103]. Using additional extracts and Myristica fragrans
Houtt. essential oil resulted in a drop diameter of 0.571 um in the emulsion.
In the literature, the particle size of the emulsion varied with different essen-
tial oils, ranging from 16.70 to 55.56 um [104]. No similar studies were found
that involved Myristica fragrans Houtt. essential oil, extracts, and combina-
tions of gum Arabic, maltodextrin, and inulin.

Further forming the microcapsules from the obtained emulsions extru-
sion method indicated that the formulation and choice of emulsifiers signifi-
cantly influence the characteristics of microcapsules, particularly in terms of
colour, aroma, aggregation, morphology, size, shrinkage, swelling capacity,
and firmness.

Comparison between alginate and chitosan microcapsules revealed that
alginate microcapsules exhibited greater uniformity. Alginate’s gel-forming
ability stems from its interaction with calcium ions, yielding a stable gel
network. This promotes uniformity and stability. In contrast, chitosan,
derived from crustaceans’ chitin, forms gels via protonation, resulting in less
predictable structures due to intermolecular hydrogen bonds [105, 106].
Lower concentrations of the gelling agent resulted in lower swelling capa-
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cities, indicating that the polymer concentration directly influences the water
retention and structural integrity of the microcapsules [107].

Even though B-CD and polysorbate are used in emulsion preparations,
little information exists about their influence on microcapsule formation
using the extrusion method. Nevertheless, using f-CD as an emulsifier in
alginitic samples (A1B and A2B) resulted in microcapsules with notably
reduced aggregation and more consistent morphology than those formulated
with mustard extract. This observation confirms that -CD offers an increased
stabilising effect on the emulsion, thereby promoting consistent microcapsule
formation. Consistent with existing literature, -CD used in alternative
microcapsule preparation methods has demonstrated efficacy in enhancing
the stability of active compounds, shielding them from oxidation, and
extending shelf life [108, 109]. However, the greater firmness observed in
microcapsules containing mustard extract compared to those with B-CD can
be attributed to the calcium content in mustard extract [110]. Calcium acts as
a polymerisation agent for alginate, thereby enhancing the firmness of the
microcapsules.

Similar to alginate, the characteristics of chitosan microcapsules vary
depending on the emulsifier employed. Polysorbate 80 produced smaller
microcapsules than B-CD. Higher concentrations of red clover extract
resulted in larger microcapsules when combined with polysorbate 80, while
with B-CD, the size decreased. This aligns with P. Eslami et al., who found
that B-CD significantly increased microcapsule size compared to polysorbate
80. Moreover, adjusting the amount of B-CD or polysorbate 80 in the
formulation significantly impacted both encapsulation efficiency and particle
size [111]. Using chitosan with polysorbate 80 yielded rounder microcapsules
than B-CD. As observed in other studies, the higher viscosity of polysorbate
80 contributes to droplets’ increased resistance to deformation, resulting in
more uniform shapes [112].

Microcapsules formed with nutmeg essential oil, red clover, and
liquorice extracts exhibited comparable firmness to previous alginate-based
microcapsules containing only red clover extract and mustard as the emulsi-
fier. This similarity in firmness can be attributed to an increased crosslinker
concentration of 5%, which provides more calcium ions to interact with the
guluronic acid blocks of the alginate [113]. This denser crosslinking network,
facilitated by the elevated concentration of crosslinker, aims to protect
volatile compounds from essential oils. A firmer alginate shell ensures a more
sustained release of the active ingredient, safeguarding it against premature
degradation or release [114].
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The in vitro release profiles of phenolic compounds from extruded
various microcapsule formulations filled capsule and their ability to release
bioactive isoflavones—daidzein, genistein, and biochanin A — were done. Due
to its positive charge arising from the amino functional group, Chitosan is
soluble in acidic solutions such as gastric medium (pH value about 1.5-3.5).
Therefore, the chitosan microcapsules dissolve in about 90 minutes, releasing
the encapsulated compounds for absorption in the stomach [107]. In contrast,
alginate microcapsules, which dissolve in alkaline conditions and swell in
gastric environment, successfully release active compounds into the gut
media [115]. Notably, even after 270 minutes, some alginate microcapsules,
particularly those with the A1 formulation, did not completely disintegrate
due to their thicker alginate-based shells compared to the A2 formulation
(0.5% alginate), thus restricting the full release of phenols Structural diffe-
rences were evident in phenolic release profiles. The A2 formulation, despite
faster disintegration, released the highest amount of phenolic compounds
among alginate microcapsules (22.71 + 0.08 mg GAE/g) after 210 minutes.
Thinner alginate shells enhance bioactive release efficiency, while the Al
formulation, with its robust shell, showed the lowest phenolic release, high-
lighting the balance between stability and release efficiency [113]. Chitosan
microcapsules, especially with the C2 formulation, displayed gradual disso-
lution and proved highly efficient in releasing isoflavones. Integration of
B-CD as an emulsifier significantly boosted solubility and release rates of
isoflavones like genistein, with sample C2B surpassing C2P. This improve-
ment stems from B-CD's capacity to enhance the water solubility of hydro-
phobic compounds such as isoflavones [108].

For the microcapsule samples prepared using lyophilisation (LM) and
spray-drying (SDM), exactly the same formulations of emulsions were used
(including red clover extract, liquorice extract and nutmeg essential oil) but
resulted in different qualities. Each method significantly influences the
physical characteristics, bioactive compound retention, and overall quality of
the resulting microcapsules [116, 117].

The obtained yield from the lyophilisation was notably higher (85.34%)
compared to just 45.12% for spray-drying. This discrepancy could be attri-
buted to the inherent loss of material common in spray drying processes due
to factors like adhesion to equipment surfaces, incomplete particle recovery,
or the degradation of active compounds [117]. Lyophilisation outperformed
spray-drying in preserving phenolic compounds, with concentrations signifi-
cantly higher (11.47 vs 8.56 mg GA/g dw). This pattern extended to other key
antioxidants like flavonoids. Preservation of these compounds is vital for
microcapsule antioxidant activity, significantly higher in lyophilised samples
across DPPH, ABTS, and FRAP assays. Despite the longer duration of
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lyophilisation, its low temperature advantageously retains labile components
compared to the high temperatures required in spray drying, as noted in the
literature [118].

Physical properties, such as flowability and particle size distribution,
varied significantly between the methods. SDM exhibited poorer flowability,
as reflected by a higher compressibility index of 38.71, which could
complicate handling and application in industrial settings. This finding aligns
with the results of the literature comparing these two methods [119].
Nevertheless, particle size analysis showed that SDM tends to produce
smaller and more uniformly shaped particles than lyophilisation methods,
which could affect the release and solubility of the encapsulated compounds.
Consistent with the literature, SDM typically results in spherical microcap-
sules, as in our research, whereas freeze-dried ones often appear as shattered
glass [120].

LM microcapsules demonstrated better encapsulation efficiency and
yield than their spray-dried counterparts, leading to their selection for incor-
poration into the chewable gel tablet base from pectin. Although LM micro-
capsules dissolved completely within 30 minutes in intestinal media, a notab-
ly faster rate compared to previously discussed microcapsules prepared via
extrusion, the phenols extracted from liquorice and red clover (glycyrrhizin,
daidzein and genistein) had higher concentrations of active ingredients than
those found in extruded microcapsules. Key volatile compounds from nutmeg
essential oil were detected in microcapsules: a-pinene, known for reducing
antibiotic resistance [121]; sabinene, which combats skeletal muscle atrophy
[122]; B-myrcene, offering a myriad of benefits such as analgesic, sedative,
anti-diabetic, antioxidant, anti-inflammatory, antibacterial, and anticancer
properties [123]; and B-terpinene, exhibiting anti-inflammatory effects by
inhibiting the production of pro-inflammatory mediators [124].

A clear distinction was observed between gelatin and pectin bases in the
formulation of chewable gels. Pectin-based gels, despite their rougher appea-
rance and higher firmness and hardness, outperformed gelatin bases in encap-
sulating and releasing bioactive compounds. Gelatine melts near body
temperature, which is unsuitable for vegetarians and vegans [125, 126]. The
selected pectin base (composition C) demonstrated higher encapsulation
effectiveness for all tested compounds and ensured a more controlled release,
which is crucial for maximising therapeutic efficacy.

In vitro studies have demonstrated the advantages of pectin over gelatin
for controlled-release applications. While gelatin-based tablets showed lower
release efficiency and were stickier, pectin tablets provided a more stable
release of bioactive compounds such as glycyrrhizin and daidzein, achieving
significantly better release efficiency. Additional research corroborates the
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effectiveness of pectin not only in tablet form but also in film-based formu-
lations, highlighting its potential as a versatile gelling agent for controlled
release systems [127]. The inclusion of lyophilised microcapsules in pectin
gels also improved the mechanical properties of the tablets, suggesting that
pectin is a more suitable matrix for the delivery of encapsulated compounds
in therapeutic applications.
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4. SUMMARY OF THE CONCLUSIONS

1. Ultrasound-assisted extraction (38 kHz, 100%; 40 °C; time 10 or 30
minutes), particularly when combined with thermal hydrolysis or reflux
alone, was found to be the most effective method for enhancing isoflavones
aglycones (daidzein and genistein) yields from red clover. Excipients signi-
ficantly influenced the yield and quality of isoflavone extractions. The use of
CDs and other excipients under previously mentioned conditions yields
isoflavones and improves the phenolic and flavonoid content of the extracts.

For excipient-assisted extraction, excipients like PVP/VAC and CDs
showed improved extract antioxidant activities, as demonstrated in various
assays (ABTS, DPPH, FRAP). This enhancement correlates strongly with the
increased phenolic contents, highlighting the potential of excipients to boost
the health benefits of plant extracts. The antimicrobial and antiviral
assessments revealed that red clover extracts obtained with solvents like
ethanol effectively inhibit common pathogens, specifically Gram+ bacteria,
and have potential antiviral activity. Nevertheless, excipients did not enhance
antimicrobial and antiviral activity.

2. Emulsions’ stability and particle size were influenced by the type of
oil, gelling agent and emulsifiers used in emulsion formation. Alginate-based
emulsions show higher stability and smaller particle sizes than those with
chitosan. Formulations with alginate and $-CD as emulsifiers provided more
stable emulsions with smaller droplet sizes, which are advantageous for
consistent bioavailability and extended shelf life in chitosan and alginate
emulsions.

Emulsions with incorporated nutmeg essential oil and plant extracts
showed varying stability levels, significantly enhanced using multiple emul-
sifiers.

3. Technological factors such as the choice of polymer (alginate, chito-
san), emulsifier (B-CD, mustard extract, polysorbate 80), and microencap-
sulation method (extrusion, freeze-drying or spray-drying) significantly
affected the physical properties, stability, and quality of microcapsules.

Microcapsules formulated with alginate and chitosan (formulation 2)
exhibited the highest potential among all samples produced by the extrusion
method, demonstrating optimal swelling, release, and firmness. Incorporating
B-CD enhances bioactive compound release, offering opportunities for im-
proving delivery systems in both gelificators (alginate, chitosan) samples.
Because of its chemical composition, mustard with alginate yields a stronger
shell. Alginate microcapsules exhibit controlled release in both formulations,
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while chitosan microcapsules dissolve in stomach media, suggesting targeted
delivery potential.

To protect volatile compounds in extruded microcapsules from emul-
sions using nutmeg essential oil, a higher crosslinker concentration (5%) was
needed.

The comparison between freeze-dried and spray-dried microcapsules
highlighted differences in bioactive compound retention, solubility, and
physical characteristics. LM showed higher yield and preserved more
phenolics and flavonoids, offering better quality over SDM.

4. Developing extruded microcapsules into hard gelatin capsules demon-
strated that material composition significantly affects the release and
dissolution profiles in different gastrointestinal media, pointing to potential
strategies for optimising drug delivery systems. This system needs improve-
ment to enhance the concentration of bioactive compounds, as it was quite
low in chitosan microcapsules.

Chewable gel tablets incorporating lyophilised microcapsules showed
distinct release patterns for bioactive compounds influenced by the gel base
(gelatin or pectin). The base material can significantly influence the release
dynamics of encapsulated compounds, as demonstrated by pectin, which
releases them more gradually due to its firmness compared to gelatin.
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SUMMARY IN LITHUANIAN

Ivadas

Vaistiniai augalai visame pasaulyje yra neatsiejama medicinos dalis ir
iSlieka pagrindinis natiiraliy biologiskai aktyviy junginiy Saltinis daugumai
pasaulio gyventojy, ypac besivystanciose Salyse [1]. Mokslo metody tobulé-
jimas paskatino vaistiniy augaly farmakologinj vertinimg perkelti i§ empiri-
niy stebé¢jimy | mokslinius tyrimus ir jtraukti augalinés kilmeés junginius 1}
jrodymais gristos medicinos sritj [2, 3]. Augaluose esantys biologiskai akty-
viis junginiai pasiZymi tarpusavio sinergija, daugiafunkciSkumu ir struktiiri-
niu jvairumu, suteikian¢iu jiems pranasumy, palyginti su vienkomponenciais
sintetiniais vaistiniais preparatais [4, 5]. D¢l Sios priezasties fitocheminés
medZziagos atlieka svarby vaidmenj atradant ir kuriant naujus vaistus.

Raudonieji dobilai (7rifolium pratense L.) yra zinomi dél savo gydomyjy
savybiy ir uzima reikSmingg vieta tiek tradicingje, tiek Siuolaikinéje fitotera-
pijoje [6, 7]. Sio augalo Ziedai tyrimui pasirinkti dél plataus panaudojimo ir
biologinio aktyvumo, kurj lemia augale randami izoflavonai, kumarinai, fla-
vonoidai ir fenolinés riigStys. D¢l Siy junginiy padidéja raudonyjy dobily
ziedy teikiama nauda sveikatai ir jie yra vertingas maisto papildy kompo-
nentas [8, 9].

Pagrindiniai izoflavonai, randami Fabaceae $eimos ankStiniuose auga-
luose, jskaitant ir raudonuosius dobilus, yra genisteinas, daidzeinas, gliciti-
nas, formononetinas ir biochaninas A [12]. Sie junginiai struktiiriskai panasis
1 estrogenus, pavyzdziui, j 17-B-estradiolj, ir geba konkuruoti dél prisijun-
gimo prie estrogeno receptoriy. Izoflavonai, sgveikaudami su estrogeny re-
ceptoriais, gali sukelti estrogeninj arba antiestrogeninj poveikj, priklausomai
nuo dozés ir poveikio trukmés [9-12]. D¢l izoflavony fitoestrogeniniy
savybiy raudonieji dobilai tapo populiarus pasirinkimas siekiant suSvelninti
menopauzés simptomus, kaip karS¢io bangos, nuotaiky svyravimas ir
osteoporozé. Raudonieji dobilai veikia kaip pakaitinés hormony terapijos
alternatyva [13]. Be to, raudonyjy dobily izoflavonai pasiZymi antioksidaci-
némis, prieSveézinémis, prieSuzdegiminémis ir kardioprotekcinémis savybeé-
mis, kurios gali padéti apsisaugoti nuo jvairiy létiniy ligy, taip pat padidina
augalo patraukluma produkty formulése, skirtose sveikatai stiprinti [14—19].

Izoflavonai dazniausiai aptinkami glikozidy, tokiy kaip daidzinas ir ge-
nistinas, forma. Sie konjuguoti izoflavonai yra neaktyviis junginiai ir dél
struktiiros ypatybiy sunkiai absorbuojami Zarnyne, taciau tampa aktyvius agli-
kono formoje (daidzeinas, genisteinas), kai gliukozés fragmentas pasalina-
mas 1§ molekulés. D¢l Sios priezasties hidrolizé yra itin svarbus zingsnis
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norint gauti biologiSkai aktyvias ir lengvai organizme absorbuojamas izofla-
vony formas. Tinkamo ekstrakcijos metodo ir parametry pasirinkimas, sie-
kiant sukurti inovatyvy produkta i§ augalinés kilmeés zaliavy, yra svarbus
etapas [21, 22].

Pagalbinés medziagos, tokios kaip (a-, B-, y-) ciklodekstrinai (CD), poli-
vinilpirolidono-vinilacetato kopolimeras (PVP/VAC), kroskarmeliozés natrio
druska, karboksimetilinto krakmolo natrio druska (SSG) arba magnio aliumi-
nio metasilikatas, gali buiti naudojamos siekiant pagerinti izoflavony ekstrak-
cijg i§ raudonyjy dobily. Sie vaisty gamybai naudojami junginiai didina
aktyviyjy junginiy stabilumg ir biologinj prieinamumg [23-28]. Pagalbiniy
medZziagy naudojimas aktyviyjy junginiy i§ augalinés zaliavos ekstrakcijai
yra mazai tirta sritis, kuri suteikia naujy galimybiy Siy metody efektyvumui
ir saugumui pagerinti. Nors Siuo metu siekiama ieSkoti mazai toksisky tirpik-
liy, kurie padéty iSgauti mazai tirpius vandenyje biologiskai aktyvius jungi-
nius, technologiniame procese mazai démesio skiriama pagalbinéms medzia-
goms, kurios padidinty tiksliniy junginiy iSeigas arba sumazinty reikalingo
tirpiklio kiekj [29, 30]. Visgi literatiiroje buvo rasta keletas tyrimy, susijusiy
su B-CD panaudojimu ekstrakcijos procese. Vienas jy — s€kmingai padidintas
fenoliniy junginiy kiekis i8 persiky i§spaudy [27]. Pagalbinés medziagos, kaip
juros vanduo, polisorbatas 20 ar magnio aliuminio metasilikatas, iSbandytos
augaliniy Zzaliavy distiliavimo procese siekiant padidinti eterinio aliejaus
kiekj [31-33]. Siuo tyrimu buvo siekiama uzpildyti esamg tyrimy spragg ir
jvertinti pagalbines medziagas izoflavony ekstrakcijos 1§ raudonyjy dobily
ziedy procese. Atrinktos pagalbinés medziagos padidino izoflavony genistei-
no ir daidzeino iSeigg ir ekstrakto antioksidacinj potencialg.

Genisteinas ir daidzeinas yra vandenyje mazai tirpis, todél jy pasisavi-
nimas organizme yra gana nedidelis, palyginti su suvartojamu jy kiekiu, todél
nepakanka gauti izoflavonais papildyty ekstrakty. D¢l jy jautrumo aplinkos
veiksniams, kaip Siluma ir Sviesa, ir d¢l jiems biidingy savybiy, kaip mazas
tirpumas vandenyje, greitas metabolizmas ir paSalinimas i§ organizmo, for-
muojant tolesnes farmacines formas, butina paruostg ekstrakta inkorporuoti i
emulsijg [34-36]. Emulsijos forma yra labai universali. Jos leidzia kurti
mikro- arba nanokapsules, kurios padidina veikliyjy medZziagy stabiluma,
biologinj prieinamuma, veiksminguma ir sumazina galimg Salutinj poveikj,
kontroliuojant inkapsuliuoty junginiy iSsiskyrimo greitj. Taip pat jos gali buti
pritaikomos gaminant kietgsias farmacines formas [34].

Mikrokapsuliacijos technologija apima mazos molekulinés mases akty-
viyjy junginiy, daleliy jterpima i apsauging danga, o tai leidzia kontroliuoti
veikliyjy medziagy absorbcijg ir pasiskirstymga tiksliniame audinyje, uztikri-
nant ilgalaikj poveikj [38—41]. Mikrokapsuliavimo gamybos metody parinki-
mas ir veiksmingumas priklauso nuo specifiniy parametry: norimo daleliy

63



dydzio, fizikomechaninio apvalkalo, veikliyjy medziagy savybiy ir absorb-
cijos vietos, procese naudojamy pagalbiniy medziagy parinkimo [39, 42].
Mikrokapsulés gali biiti paruostos liofilizacijos, purSkiamojo dziovinimo
arba ekstruzijos budais, o kiekvienas i§ metody turi iSskirtiniy privalumy
[43]. Liofilizacija iSsaugo jautriy junginiy, taip pat ir fenoliy, struktiirg ir
biologinj aktyvumg, kai vanduo pasalinamas esant Zemai temperattrai ir
sumazintam slégiui. Taip ribojamas terminis molekulés skilimas [44, 45].
Purskiamasis dziovinimas yra greitas ir ekonomiskas biidas inkapsuliuoti
veikligsias medziagas, be to, jis suteikia papildomg nauda — galima gauti
jvairiy dydziy daleles, tinkamas geriamiesiems ir inhaliaciniams preparatams
[45—47]. Ekstruzija leidZia nepertraukiamai gaminti vienodo dydzio mikro-
kapsules, kurios yra bitinos kontroliuojamojo atpalaidavimo preparatams
[48, 49]. Strateginis polimery, tirpstanciy skrandyje arba Zarnyne, naudoji-
mas mikrokapsuliy apvalkaly formavimui ypa¢ naudingas gerinant izoflavo-
ny organoleptines savybes, biologinj prieinamuma ir terapinj poveikj kartu su
visais minétais mikrokapsuliavimo metodais [50, 51]. Siuos polimerus,
pavyzdziui, chitozang ir alginatg, galima naudoti specifinése formuluotése,
kad jie iStirpty konkreciose vietose, priklausomai nuo pH vertés. Taip uZztikri-
nama, kad inkapsuliuoti izoflavonai atpalaiduojami tikslinéje vietoje, kur jy
isisavinimas yra didZiausias [51].

Sio tyrimo metu buvo i$plétota mikrokapsuliuotos genisteino ir daidzei-
no pernasos sistema i§ Trifolium pratense L. ziedy ir jos technologinis funk-
cionalizavimas nuo ekstrakty gamybos iki prototipy — emulsijy ir mikrokap-
suliy gamybos. Tyrimo metu i§ plataus spektro méginiy buvo nustatytos
veiksmingiausios formuluotés, jvertinta technologiniy veiksniy jtaka galu-
tiniy produkty efektyvumui ir funkcionalumui.

Darbo tikslas:

Ivertinti technologiniy veiksniy jtakg skirtingais metodais pagaminty
mikrokapsuliy su genisteinu ir daidzeinu kokybei bei veikliyjy junginiy
tirpimui in vitro.

UZdaviniai:

1. Nustatyti ekstrakcijos procesy ijtaka genisteino ir daidzeino (izo-
flavony) iSeigai i§ raudonyjy dobily (7rifolium pratense L.) ziedy,
jvertinti pagaminty iStrauky antioksidacinj ir antimikrobinj akty-
vuma.

2. lvertinti izoflavony, pasirinkty iStrauky ir emulsikliy, formuojanciy
tiesioginio tipo emulsijas, jtakg emulsijy kokybei.
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3. Ivertinti technologiniy veiksniy ir izoflavony jtaka skirtingais meto-
dais pagaminty mikrokapsuliy formavimui ir kokybei.

4. Ivertinti technologiniy veiksniy jtaka produkto su mikrokapsulémis
formavimui, kokybei ir veikliyjy junginiy i8siskyrimui in vitro.

Mokslinis naujumas ir praktiné reikSmé

Efektyviosios skys€iy chromatografijos ir masiy spektrometrijos (LC-MS)
analitiniu metodu jvertinta kokybiné ir kiekybiné raudonyjy dobily iStrauky
sudétis, kiekybiSkai nustatytos izoflavony (genisteino, daidzeino, daidzino ir
genistino) iSeigos. Taikyti spektrofotometriniai metodai bendram fenoliniy
junginiy ir flavonoidy kiekiui jvertinti. Sio tyrimo metu buvo sukurti nauji
izoflavony (genisteino ir daidzeino) ekstrakcijos i§ raudonyjy dobily ziedy
metodai, naudojant pagalbines medziagas. Atlikti tyrimai atskleide, kad pa-
galbiniy medziagy, tokiy kaip SSG, PVP/VAC ir (a-, B-, y-) CD, naudojimas
ekstrakcijos procese gerokai padidina fenoliniy junginiy ir izoflavony i$ga-
vimo efektyvuma (50 proc. etanolio tirpale ir vandenyje) ir sustiprina ekstrak-
ty antioksidacinj potencialg. Pastebéta, kad pagalbiniy medZziagy naudojimas
neturéjo jtakos antimikrobinéms ekstrakty savybéms. Siais metodais spren-
dziama prasto izoflavony tirpumo vandenyje problema, kartu uZtikrinant, kad
ekstrakcija islikty ekonomiska, nekenksminga aplinkai ir atitikty Zaliosios
chemijos principus.

Formuojant emulsijas naudoti skirtingi natiiraliis ir sintetiniai emulsik-
liai. Ekstraktai, paruosti su B-CD ar garstyciy ekstraktu, pasizymejo didesniu
emulsijy stabilumu, palyginti su emulsijomis, kuriose buvo naudotas polisor-
batas 80. Emulsijos mikrokapsuliy gamybai buvo formuotos naudojant rau-
donyjy dobily ziedy ekstrakta, kaip aktyvyjj komponenta, arba raudonyjy
dobily ekstrakto misinj su saldymedzio Sakny ekstraktu ir muskaty eteriniu
aliejumi.

Mikrokapsuléms formuoti buvo taikomi skirtingi metodai: purSkiamasis
dziovinimas, liofilizacija ir ekstruzija. Natrio alginatas ir chitozanas buvo pa-
naudoti mikrokapsuliy apvalkaly formavimuisi ir aktyviyjy junginiy atsipa-
laidavimo kontrolei. Eksperimento metu s¢kmingai pagamintos kokybés rei-
kalavimus atitinkanc¢ios mikrokapsulés, i$ kuriy liofilizuotos mikrokapsulés
pasiZyméjo geriausiais technologiniais parametrais, palyginti su iSpurskia-
mojo dziovinimo metu gautomis mikrokapsulémis, ir galéjo biiti naudojamos
tolesniy farmaciniy formy — kramtomuyjy tableciy — gamybai. Liofilizuotos
mikrokapsulés buvo jtrauktos j pektining kramtomuyjy table¢iy baz¢. Pektinas
buvo naudojamas kaip gelifikuojamasis agentas, nenaudojant pridétiniy cukry,
o Sioje mikrokapsuliy formuluotéje buvo ne tik raudonyjy dobily ekstrakto,
bet ir saldymedzio Sakny ekstrakto bei muskaty eterinio aliejaus. Tyrimo
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metu buvo sukurtos dvi ekstruziniy mikrokapsuliy technologijos: skrandyje
irios (chitozano apvalkalas) mikrokapsulés ir zarnyne tirpiosios kapsulés
(alginato apvalkalas) su raudonyjy dobily ziedy ekstraktu, pagalbinémis
medziagomis ir migdoly aliejumi. Sios mikrokapsulés yra bazé papildomam
vitaminy, tirpiy vandenyje ir aliejuje, jtraukimui. Minétos ekstruzinés mikro-
kapsulés buvo inkorporuotos kietojoje Zelatinin¢je kapsuléje. Kitoje ekstru-
ziniy mikrokapsuliy formuluotéje buvo naudojamas alginato apvalkalas,
raudonyjy dobily ekstraktas, saldymedzio Sakny ekstraktas bei muskaty eteri-
nis aliejus. Atlikti tyrimai ir sukurti produktai suteikia vertingos informacijos
farmacijos srityje ir atskleidzia raudonyjy dobily komercinj potenciala.

Tyrimo objektas ir metodai

Tyrimo objektas — raudonujy dobily (Trifolium pratense L.) Ziedai. Zalia-
va buvo renkama 2020—2023 m. rugséjo 25—26 d. jy natiiralioje augavietéje
Laiciuose, Kupiskio rajone, Lietuvoje (koordinatés: 55°53'24,2" Siaures
platumos; 25°19'36,0" ryty ilgumos).

Fenoliniy junginiy, flavonoidy, izoflavony, monoterpeny (i$ eteriniy
aliejy) kiekis jvertintas taikant skysciy ir dujy chromatografija, masiy spektro-
metrijg ir spektrofotometrinius metodus.

Paruosty ekstrakty biologiniam poveikiui jvertinti naudoti antioksidan-
tinio aktyvumo (ABTS, ABTS-pokolonelinis metodas, FRAP, DPPH) ir anti-
mikrobinio aktyvumo (agaro Sulinio difuzijos) metodai.

Emulsijos stabilumas buvo vertinamas centrifuguojant, aliejaus daleliy
dydis ir pasiskirstymas buvo nustatomas naudojant ,,Mastersizer 3000 su
,Hydro EV* jrenginj. Mikrokapsuliy gamybai naudotas Svirkstinis siurblys,
liofilizacijos ir purSkiamojo dZiovinimo metodai. Mikrokapsulés buvo verti-
namos naudojant tekstliros analizatoriy, mikrometra ir Sviesinj mikroskopa,
»Sotax AT7 iSmanigjg sistema.

Tyrimy rezultatai apdoroti matematiniais statistiniais metodais su ,,IBM
SPSS 20.0%, ,,Microsoft Office Excel 2021 ir ,,GraphPad Prism 8 progra-
mine jranga. Naudotos medziagos ir iSsamiis taikyty metody aprasymai pa-
teikti straipsniuose 1-7.

Diskusija ir rezultaty apZvalga

Raudonieji dobilai (7rifolium pratense L.) savo sudétyje kaupia izofla-
vonus, tod¢l yra vertingi farmacijos pramonei dél $iy junginiy naudos svei-
katai. Literatiiroje triksta iSsamiy duomeny apie raudonyjy dobily zieduose
esanciy fenoliniy junginiy kiekj ir antioksidacinj aktyvuma, o ankstesniuose
tyrimuose daugiausia démesio skirta lapy ekstraktams, kuriuose, kaip
manoma, yra didesn¢ izoflavony koncentracija [53—56]. Vienas i$ Sio tyrimo
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tiksly buvo pagerinti izoflavony ekstrakcija i§ raudonyjy dobily Zziedy,
atsizvelgiant | jvairius parametrus, pavyzdziui, tirpiklj, temperatiira, ekstrak-
cijos metoda ir glikozidy hidrolizés metodus, siekiant padidinti aglikony, kaip
daidzeinas ir genisteinas, iSeigg. I$ visy taikyty ekstrakcijos metody (macera-
cija, ultragarsas, fermentacija, virinimas tirpiklio virimo temperatiiroje su
griztamuoju kondensatoriumi ir §iy metody derinimas kartu su jvairiais hidro-
lizés metodais) ir parametry (Zaliavos apdorojimo laikas, tirpiklis, tirpiklio
sudétis ir kt.) geriausiais buvo iSrinkti ultragarso apdorojimas (40 °C, 10 arba
30 minuciy) derinant su termine hidrolize arba virinimas tirpiklio virimo tem-
peratiiroje su grjztamuoju kondensatoriumi. Kaip tirpikliai atrinkti vanduo ir
50 proc. etanolio tirpalas. Ultragarso apdorojimg (30 minuciy) derinant su
termine hidrolize, pavyko iSgauti didziausig izoflavony koncentracija —
393,23 + 19,66 pg/g daidzeino ir 171,57 + 8,58 pg/g genisteino, naudojant
50 proc. etanolio tirpala. Sis metodas buvo pranasesnis u tradicinj kaitinima
tirpiklio virimo temperatiiroje su griztamuoju kondensatoriumi, kurj taikant
buvo pasiekta 432,30 + 21,61 pg/g daidzeino ir 154,50 + 7,72 ng/g genisteino
koncentracijos. Ekstrakcija ultragarsu (10 ar 30 minuciy) kartu su terminés
hidrolizés metodu palengvino tirpiklio skverbimasi j augalo Iasteles, padidino
ekstrakcijos iSeiga, taciau pastebéta, kad padidéjo ir izoflavony aglikony ski-
limo rizika, kai ultragarsinio apdorojimo trukmé buvo ilgesné [61, 62].
Terminé hidroliz¢ ekstrakcijos procese buvo svarbus zingsnis gerinant ekstrak-
cijos efektyvuma siekiant padidinti genisteino ir daidzeino kiekj, kadangi jos
metu glikozidai buvo hidrolizuoti iki aglikony [58, 64]. Nustatyta, kad 50
proc. etanolio tirpalas buvo efektyviausias tirpiklis izoflavony ekstrakcijai,
kadangi juo buvo subalansuotas aktyviyjy junginiy tirpumas, o ekstrakcijos
efektyvumas geresnis nei naudojant vandenj ar kitus toksiSkus tirpiklius
(pvz., metanoli, chloroformg) [65—67]. Tai patvirtino ankstesni tyrimai [63],
kurie parod¢, kad etanolis padidina ekstrakcijos iSeigas ir atitinka maisto pro-
dukty, papildy ir nutraceutiky saugos ir reguliavimo reikalavimus.

Siame tyrime j ekstrakcijos misinj pridéjus vandenyje tirpiy pagalbiniy
medziagy, tokiy kaip magnio aliuminio metasilikato, kroskarmeliozés natrio
druskos, SSG, PVP/VAC ir a-, B-, y-CD, pagerintas izoflavony ekstrakcijos
vandenyje efektyvumas. Ekstrakcijai su pagalbinémis medziagomis buvo
taikyti pries tai atrinkti metodai ir parametrai. Taip buvo sukurta tvari, nors ir
maziau efektyvi alternatyva etanoliui [68]. Visgi ekstrakcijos procese pagal-
bines medziagas galima naudoti ir su etanolio tirpalu. Ciklodekstrinai turi
standzig kiiging struktiirg, kurios vidiné dalis sudaryta i§ hidrofobinio akty-
viojo centro su hidrofiliniu iSorés elementu. Ekstrakcijos proceso metu ciklo-
dekstrinai sudaro kompleksg su tiksliniais junginiais dél atsirandanciy silpny
nekovalentiniy sgveiky — Van der Valso jégy, hidrofobinés sgveikos ar vande-
niliniy rySiy [28]. Dél Sios priezasties padid¢ja izoflavony tirpumas ir stabi-
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lumas ekstrakcijos ar reakcijos miSinyje (tirpale). Be to, miSiniui atvésus, CD
lengvai atpalaiduoja biologiSkai aktyvius junginius ir gali buti lengvai
pasalinami filtruojant.

Naudojant CD vandenyje, didZiausia genisteino iSeiga buvo nustatyta
naudojant 1 proc. B-CD —258,67 = 7,76 ng/g, o daidzeino — 290,33 =+
8,71 ng/g, taikant ekstrakcijg tirpiklio virimo temperatiiroje su griztamuoju
kondensatoriumi. Padidinus CD koncentracijg iki 5 proc., daidzeino kiekis
tarp skirtingy CD padidéjo 1,06-1,40 karto. Genisteino kiekis padidéjo
maziau nei daidzeino, taiau statistiskai reikSmingas padidéjimas buvo mato-
mas su a- ir B-CD, bet junginio koncentracija sumaz¢jo, kai buvo naudojama
didesné — 5 proc. y-CD koncentracija. Nepaisant to, kad buvo naudojamas
didesnis CD kiekis vandenyje, glikozidy, daidzino ir genistino neaptikta.

Didziausia daidzeino iSeiga nustatyta etanolyje su 1 proc. B-CD —
697,16 + 20,91 pg/g, ir su 1 proc. y-CD — 682,90 + 20,49 pg/g, taikant ultra-
garsinj apdorojimg (30 min.) su termine hidrolize. Nustatytas genisteino kiekis
naudojant CD etanolyje buvo mazesnis nei vandenyje, taciau didesnis nei
kontroliniuose méginiuose. Kontroliniai méginiai — tai méginiai, kurie buvo
gaminti tokiomis pat saglygomis, naudojant tuos pacius tirpiklius, taciau be
pagalbiniy medziagy. Visgi, tarp etanoliniy méginiy didziausias kiekis nusta-
tytas naudojant 1 proc. B-CD tirpiklio virinimo temperatiiroje su grjiZztamuoju
kondensatoriumi — 207,83 £ 6,23 pg/g. Pakeitus tirpikli j 50 proc. etanolio
tirpala, aglikony iSeigos vidutiniSkai padidéjo 23 kartus, palyginti su kontro-
liniais méginiais, nors su B-CD genisteino iSeiga sumazejo 1,17 karto. Naudo-
jant CD su 50 proc. etanolio tirpalu ekstraktuose buvo nustatyti ir glikozidai.

Ekstrakcijai vandenyje naudojant kitas pagalbiniy medziagy grupes —
kroskarmeliozés natrio druska, SSG ir PVP/VAC, buvo taikytos tokios pat
ekstrakcijos salygos kaip ir su CD. Visuose méginiuose izoflavony iSeiga sta-
tistiSkai reikSmingai padidéjo, iSskyrus méginius, kuriuose naudotas magnio
aliuminio metasilikatas, dél kurio izoflavony kiekis sumazéjo. Magnio aliu-
minio metasilikatas selektyviai absorbuoja terpenus, o ne izoflavonus, ir tai
pabrézia pagalbinés medziagos suderinamumo su tiksliniais junginiais svarbg
[70, 71]. Naudojant 1 proc. PVP/VAC vandenyje ir taikant ekstrakcijg tirpik-
lio virimo temperatiiroje su griztamuoju kondensatoriumi, gauta didziausia
daidzeino iSeiga buvo 307,80 £ 9,23 ng/g, o genisteino — 121,40 £ 3,64 ng/g.
PVP/VAC koncentracija vandenyje padidinus iki 5 proc., gautas dar didesnis
daidzeino ir genisteino kiekis. Pakeitus tirpiklj ; 50 proc. etanolio tirpala,
esant tai paciai 1 proc. PVP/VAC koncentracijai, tyrime gauta didZiausia
daidzeino iSeiga — 820,50 + 24,61 ng/g. Sékmingai isskirti glikozidai naudo-
jant tiek ultragarsa (10 arba 30 minuciy) derinant su termine hidrolize, tiek
taikant ekstrakcijg tirpiklio virimo temperattiroje su griztamuoju kondensa-
toriumi.
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Analizuojant fenoliniy junginiy kiekj ekstraktuose naudojant ciklodekst-
rinus, nustatyta, kad y-CD ir B-CD reikSmingai padidino bendrg fenoliniy
junginiy kieki raudonyjy dobily ziedy ekstraktuose. Didziausias fenoliniy
junginiy kiekis buvo nustatytas naudojant 50 proc. etanolio tirpalg su y-CD —
54,12 mg GA/g dw (ultragarsinis apdorojimas 30 minuciy kartu su termine
hidrolize). Naudojant B-CD su vandeniu gauta 44,78 mg GA/g dw, o su
50 proc. etanolio tirpalu 50,11 mg GA/g dw fenoliniy junginiy, taikant tas
pacias ekstrakcijos salygas — tirpiklio virimo temperatiiroje su griztamuoju
kondensatoriumi. Naudojant SSG ir PVP/VAC pagalbines medziagas, fenoli-
niy medziagy koncentracijos padidéjo ir tam tikromis saglygomis prilygo arba
net virsijo iSeiga, gautg naudojant CD. Ypac i$siskyré rezultatai, gauti naudo-
jant 5 proc. PVP/VAC vandenyje ir etanolyje, kai gautas didZiausias fenoliniy
medziagy kiekis buvo 45,38 mg GAE/g dw ir 52,48 mg GAE/g dw (ultragar-
sinis apdorojimas 30 minuciy kartu su termine hidrolize). Didesnés, palyginti
su kontroliniais meéginiais, flavonoidy koncentracijos nustatytos su visomis
naudotomis pagalbinémis medziagomis. Naudojant B-CD vandenyje, gauta
21,74 mg RU/g dw flavonoidy koncentracija. Flavonoidy kiekis padidéjo ir
méginiuose su 1 proc. PVP/VAC 23,10 mg RU/g dw vandeniniuose ir 26,98 mg
RU/g dw etanoliniuose ekstraktuose. Visgi, SSG ir PVP/VAC pagalbines
medZziagas buvo daug sunkiau iSvalyti i§ ekstrakcijos miSinio nei CD. Nau-
dojant SSG ir PVP/VAC, méginiai tapo tirStesni, o gryninimo procesas buvo
sudétingesnis, ilgesnis ir brangesnis.

Ekstrakcijos salygos tur¢jo didele jtaka ekstrakty antioksidaciniam po-
tencialui, o pagalbiniy medziagy naudojimas ekstrakcijos terpéje tur¢jo reiks-
mingg vaidmen;j didinant fenoliniy junginiy ir flavonoidy kiekj dobily ekstrak-
tuose [75—77]. Tyrime gauti rezultatai patvirtino ekstrahavimo metody, pagal-
biniy medziagy naudojimo ir antioksidacinio aktyvumo, iSmatuoto ABTS,
DPPH ir FRAP metodais, koreliacijg [76, 78, 79]. Pazymétina, kad tokiy
pagalbiniy medziagy kaip PVP/VAC ir CD naudojimas reik§mingai padidino
ekstrakty antioksidacinj aktyvuma tiek vandeniniuose, tiek etanoliniuose
meéginiuose, palyginti su kontroliniy meéginiy rezultatais. Taikant pokolo-
nélinj ABTS metodg buvo nustatyta, kad didziausiu antioksidaciniu poveikiu
raudonyjy dobily zZiedy ekstraktuose pasizymi kavos rigsties maleino esteris,
hiperozidas ir klovamidas. Minéty junginiy antiradikalinis aktyvumas nustel-
bé izoflavony, daidzeino ir genisteino, aktyvuma.

Nustatyta teigiamoji koreliacija tarp fenoliniy junginiy kiekio ir antiok-
sidacinio aktyvumo. ABTS ir DPPH metodais nustatyta, kad didziausiu anti-
oksidaciniu aktyvumu pasizyme¢jo etanoliniai méginiai, paruosti su y-CD ir
PVP/VAC. Be to, Sie rezultatai atitiko literatiiroje paskelbty tyrimy, jro-
dziusiy, kad fenoliniai junginiai yra pagrindiné junginiy grupe, lemianti rau-
donyjy dobily ekstrakty antioksidacinj aktyvuma, rezultatus [76, 83].
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Nors literattiroje teigiama, kad raudonyjy dobily Ziedy antimikrobinis ir
antivirusinis aktyvumas yra ribotas, $ios disertacijos tyrimo rezultatai parodeé,
kad raudonyjy dobily ekstraktas pasizymi selektyviu antimikrobiniu poveikiu
pries gramteigiamas bakterijas, tokias kaip Staphylococcus aureus ir Staphy-
lococcus epidermidis. Visgi pagalbiniy medziagy naudojimas ekstrakcijos
procese netur¢jo reikSmingo antimikrobinio poveikio patogeninéms Entero-
coccus faecalis ir Pseudomonas aeruginosa bakterijoms. Pagalbinés medzia-
gos nepakeicia raudonyjy dobily antimikrobinio aktyvumo, taip pat jis reiks-
mingai nesiskiria tarp etanoliniy ir vandeniniy ekstrakty. Raudonyjy dobily
ekstraktai iSsiskiria nuo dozés priklausanciu antivirusiniu poveikiu pries IBV
(pauksciy infekcinio bronchito virusas) ir suteikia apsauga Vero lasteléms.
Nustatytas didziausias titras buvo 99,82 proc., o tai rodo viruso kiekio suma-
z¢jima. Raudonyjy dobily ekstraktas gali biiti veiksminga nattrali priemoné
nuo virusiniy infekcijy.

Tyrime buvo nagrin¢jamas emulsijy, formuoty su raudonyjy dobily ziedy
ekstraktais, stabilumas ir savybés. Daugiausia démesio skirta jvairiy pagal-
biniy medziagy ir emulsikliy, tokiy kaip alginatas, chitozanas, -CD, garsty-
&iy ekstraktas ir polisorbatas 80, daromai jtakai. Sioje tyrimo dalyje buvo
pasirinktos keturios formuluotés — dvi su alginatu (A1, A2) ir dvi su chitozanu
(C1, C2), naudotos skirtingos emulsikliy ir raudonyjy dobily ekstrakto kon-
centracijos, siekiant gauti emulsijas, kurios véliau bus naudojamos mikrokap-
suliavimui. Emulsijose naudoti etanoliniai ir vandeniniai raudonyjy dobily
ekstraktai, paruosti naudojant B-CD. Visgi véliau tyrimai atlikti tik su etano-
liniais ekstraktais, kadangi juose nustatytos didesnés aktyviyjy junginiy kon-
centracijos. Ekstrakty su B-CD klampa buvo nepakitusi, juose buvo nustatyta
didelé izoflavony, fenoliniy junginiy ir flavonoidy iSeiga. Sie ekstraktai
maiSési su naudotais aliejais geriau nei kontroliniai méginiai, pagaminti be
pagalbiniy medziagy. Tai rodo, kad ekstraktai pasizyméjo emulguojanciomis
savybémis, ir tai naudinga emulsijy stabilumui. Tyrimui pasirinktas saldZiyjy
migdoly aliejus, kuris su visais emulsikliais (polisorbatu 80, garstyCiy
ekstraktu ir B-CD) pasiskirsté tolygiai, formavo maziausius lasus, didinanc¢ius
emulsijos stabiluma d¢l tvirto barjero tarp ekstrakto ir aliejaus [90].

Emulsijos, formuotos su natrio alginato tirpalu, pasizyméjo didesniu
stabilumu — nuo 98,3 + 1,2 iki 100 + 0,8 proc. Dél maZzesnio laseliy dydzio
(nuo 0,3 iki 5,6 um) Sios emulsijos buvo priskirtos mikroemulsijy kategorijai.
Chitozano pagrindu pagamintos emulsijos, priskiriamos makroemulsijoms,
prieSingai — pasizyméjo didesniu laseliy dydziu (nuo 0,8 iki 18,7 um) ir
mazesniu stabilumu (nuo 92,3 £+ 0,5 iki 95,6 + 0,6 proc.). Tyrimuose naudoti
ekstraktai, pagaminti su B-CD, ne tik padidino emulsijy stabiluma, nekeis-
dami klampos, bet B-CD, naudotas kaip emulsiklis, padidino aktyviyjy jungi-
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niy stabiluma, nesuteike produktui specifisko skonio ir kvapo kaip garstyCiy
ekstraktas, todél ji galima rinktis maisto ir farmacijos srityse [100, 101].

IS natrio alginato tirpalo ir chitozano pagamintoms ekstruduotoms
mikrokapsuléms buvo buidingos skirtingos savybés, kurioms jtakos tur¢jo ati-
tinkami emulsikliai. Alginato mikrokapsulés, ypac tos, kuriose kaip emulsik-
lis naudotas B-CD (A1B ir A2B), pasizym¢jo didesniu vienodumu ir maZesne
agregacija nei tos, kuriose naudotas garstyc¢iy ekstraktas. Alginato mikrokap-
maziau ir buvo tvirtesnés, kai buvo naudojama didesné alginato tirpalo
koncentracija (2 proc.) ir garstyCiy ekstraktas. Alginatas sudaro skersinius
joninius rySius su tam tikrais dvivalenciais katijonais (Ba**, Ca?*, Zn*").
Kalcio jony yra aptinkama garstyCiy ekstrakte, todél jo jtraukimas prisideda
prie papildomy rySiy sudarymo gelyje ir tvirtesnés plévelés susiformavimo
[110]. O chitozano mikrokapsulés, priesingai, nors ir i§laikydamos vienoda
Sviesiai ruda spalva, nepaisant naudojamo emulsiklio, buvo minks$tesnés ir
zano mikrokapsulés, ypac su polisorbatu 80 (C1P ir C2P), buvo maZesnés, o
susitraukimas minimalus dé¢l formuluotése esan¢io mazesnio vandens kiekio.
Didesnés raudonojo dobilo ekstrakto koncentracijos preparatuose su polisor-
batu 80 formavo didesnes mikrokapsules, o preparatuose su -CD — maZes-
nes. Abu emulsikliai formavo skirtingo tipo emulsijas (tradicines ir Pickering
tipo), todél tai daré¢ jtakg susidariusiy mikrokapsuliy fizinéms savybéms
[111]. Skirtingy gelifikuojan¢iy medziagy naudojimas iSrySkino skirtumus
tarp gelifikacijos mechanizmy ir sgveikos su naudotais emulsikliais, kurie
dar¢ jtaka susiformavusiy mikrokapsuliy savybéms.

Fenoliniy junginiy iSsiskyrimo i$ skrandyje iriy mikrokapsuliy, pagamin-
ty naudojant kaip pagrindines medZiagas alginatg ir chitozang bei raudonyjy
dobily ekstrakta, in vitro profiliai atskleidé skirtingas savybes. Chitozano
mikrokapsulés greitai iStirpsta rigstinése skrandzio salygose ir de¢l savo funk-
ciniy aminogrupiy veiksmingai i$skiria izoflavonus — daidzeing, genisteing ir
biochaning A [107]. B-CD chitozano mikrokapsulés pagerino hidrofobiniy
junginiy, tokiy kaip izoflavonai, tirpuma ir i$siskyrimo greitj — genisteino
i8siskyrimas C2B meginyje buvo daug didesnis, palyginti su C2P [108].
Alginato mikrokapsulés yra stabilios riig§tin¢je aplinkoje, iSbrinksta, bet
neistirpsta. Ekstruziniy mikrokapsuliy brinkimas daro lemiama jtaka atpalai-
davimo mechanizmams ir veiksmingumui skirtingose virSkinimo terpése. Per
didelis brinkimas gali paskatinti staigy medziagy atsipalaidavima, kurio gali
nepavykti kontroliuoti [107]. Fenoliniy medziagy iSsiskyrimas ir alginato
mikrokapsuliy tirpimas vyko zarnyno terpéje [115]. Pazymétina, kad i§ dides-
nés alginato tirpalo koncentracijos (2 proc.) formuoty mikrokapsuliy fenoli-
niy junginiy atsipalaidavimas buvo létesnis nei i§ mazesnés alginato tirpalo
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koncentracijos (0,5 proc.) formuoty mikrokapsuliy. Pastaryjy didziausias
fenoliniy medziagy kiekis (22,71 + 0,08 mg GAE/g) atsipalaidavo po 210
minuciy [113].

Tolesniuose eksperimentuose emulsijos buvo ruosiamos prie raudonyjy
dobily ziedy ekstrakto pridedant saldymedzio Sakny ekstrakto ir aliejy kei-
Clant Myristica fragrans Houtt eteriniu aliejumi. Stabiliausia emulsija E6,
kurios stabilumas sieké 100 proc., buvo sudaryta is trijy pagalbiniy medziagy —
maltodekstrino, inulino ir gumiarabiko. Formuluotése naudojant tik vieng i$
minéty pagalbiniy medziagy arba dviejy derinj didZiausias stabilumas nebuvo
pasiektas. Nustatyta, kad eterinio aliejaus laSo skersmuo emulsijoje buvo
0,571 pm. Literattroje nurodoma, kad emulsijose esanciy daleliy dydis gali
labai skirtis, jei naudojami skirtingi eteriniai aliejai, paprastai jis svyruoja nuo
16,70 iki 55,56 pm [104]. Né viename ankstesniame tyrime nebuvo nagriné-
tos emulsijos, kuriose Myristica fragrans Houtt eterinis aliejus biity derina-
mas su raudonyjy dobily ir saldymedzio ekstraktu, naudojant specifinj gumia-
rabiko, maltodekstrino ir inulino misinj. E6 emulsija toliau buvo naudojama
mikrokapsuliy gamybai ekstruzijos metodu.

Mikrokapsulés buvo suformuotos naudojant ekstruzijos metoda su 5 proc.
kalcio chloridu, kuris naudojamas kaip polimerizacijos reakcijos iniciatorius.
Susidariusiy mikrokapsuliy iSeiga pagal fenoliniy junginiy kiekj buvo
68,67 =+ 3,08 proc. Padidinta polimerizacijos reakcijos iniciatoriaus koncent-
racija sustiprino alginato skersiniy rysiy tinkla, sustiprindama eteriniy aliejy
lakiyjy junginiy apsaugg ir uztikrindama ilgalaikj nepertraukiamg veikliyjy
junginiy atsipalaidavima [113]. Siy kapsuliy suspaudimas sické 4135,87 g.
Mikrokapsuliy plévele sudare alginatas, todél jos labai mazai brinko skran-
dzio terpéje (nuo 13,96 iki 19,74 proc.), taciau iSbrinko Zzarnyno terp¢je (nuo
25,22 iki 121,59 proc.).

Ekstruduotos mikrokapsulés, kuriose yra eteriniy aliejy ir ekstrakty, yra
universalus produktas, kurj galima jtraukti j kitus farmacijos produktus (tab-
letes, kapsules, kramtomasias gelines tabletes) arba naudoti individualiomis
terapinémis dozémis. Mikrokapsuliy kontroliuojama atpalaidavimg palengvi-
na mikrokapsulés apvalkalo iSbrinkimas, kuris keicia pralaiduma ir lemia
atpalaidavimo greitj bei tiksling pernaSos vieta. Skrandzio terp¢je Siy mikro-
kapsuliy brinkimo indeksas svyravo nuo 19,74 iki 13,96 proc., ta¢iau skran-
dzio terp¢je mikrokapsulés iki galo neisbrinko, o Zarnyno terpé¢je, prieSingai,
brinkimas gerokai padidéjo nuo 25,22 iki 121,59 proc. Brinkdamos mikro-
kapsulés prarado forma ir suminkstéjo, o tai rodo jy tirpuma Zarnyno terpéje
ir kontroliuojama aktyviyjy medziagy atsipalaidavima.

E6 emulsijos sudéties koregavimas buvo biitinas liofilizacijai ir purSkia-
majam dZiovinimui, kad mikrokapsuliavimas biity veiksmingas. Buvo modi-
fikuota sudétis, keiCiant sausyjy ir pagalbiniy medziagy santyki dél issukiy,
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susijusiy su koalescencija ir praskiedimu. Tyrime liofilizacijos ir purskiamojo
dziovinimo metodams buvo naudojama ta pati modifikuota E6 formuluote,
kurioje yra raudonyjy dobily ekstrakto, saldymedzio ekstrakto ir muskaty ete-
rinio aliejaus. Tam tikrais aspektais liofilizacijos metodas (LM) buvo prana-
Sesnis uz purSkiamajj dziovinimg (SDM): gauta 85,34 proc. iSeiga, palyginti
su 45,12 proc. SDM. Mazesné iSeiga gauta de¢l purSkiamajam dZiovinimui
budingy medziagy nuostoliy, pavyzdziui, milteliy sukibimo su jranga ir
veikliyjy junginiy skilimo aukstoje adatos iSpurSkimo temperattiroje [117].
LM i$saugojo didesn;j fenoliniy junginiy kiekj — 11,47 (LM) ir 8,56 mg GA/g
dw (SDM), pasizymejo geresniu antioksidaciniu aktyvumu, o tai lémé Zemoje
temperatiiroje vykes procesas, kurio metu geriau iSsaugomi labiltis kompo-
nentai [118]. Nustatyta, kad LM iSsaugojo lakiuosius junginius ir didesnius
ju kiekius i$ eterinio aliejaus (o-pineng ir B-mirceng). LM mikrokapsulés
buvo jvairiy formy ir dydziy, primenancios suduzusio stiklo gabalélius. SDM
nors ir sferinés formos iSsiskyré labai prastu suberiamumu, tad tokiy mikro-
kapsuliy naudojimas pramonéje kelty sunkumy ir jy savybes reikty gerinti
[119]. Panasiis skirtumai tarp mikrokapsuliy buvo aprasyti literatiiroje [120].
Geresnis jkapsuliavimo efektyvumas ir didesné biologiskai aktyviy junginiy
koncentracija LM méginiuose rodo didesnj jy veiksminguma, tod¢l jie yra
tinkamesni kramtomosioms gelinéms tabletéms.

Kramtomyjy tableciy, pagaminty naudojant skirtingus gelio pagrindus
(zelating ir pekting), fizinés savybés ir biologiskai aktyviy junginiy atsipalai-
davimas labai skyrési, o pektino pagrindo tabletés buvo pranaSesnés uz
zelatinos. Pektinui buvo teikiama pirmenybé¢ dél didesnio tvirtumo, kietumo
ir kontroliuojamojo junginiy atsipalaidavimo. Sios tabletés taip pat buvo
pasirinktos dél geresniy skonio savybiy, nepridéto papildomo cukraus. Zela-
tininés tabletés pasiZyméjo maZesniu junginiy atpalaidavimo efektyvumu ir
fiziniu tvirtumu.

Pektinas pranaSesnis uz Zelating dél tvirtesnés gelinés tabletés bazés
struktiiros, kuri uztikrina mikrokapsuliy lakiyjy junginiy apsaugg ir kontro-
liuojamaji atsipalaidavima [127]. I pektino matricg jtraukus liofilizuotas
mikrokapsules, dar labiau pageréjo tableciy mechaninés savybés ir stabi-
lumas, o tai leidzia manyti, kad jos geriau tinka gydymo tikslams, kai labai
svarbu tiksliai dozuoti ir tolygiai atpalaiduoti aktyvigsias medziagas. Pektino
kramtomos tabletés buvo veiksmingos apsaugant ir atpalaiduojant biologiskai
aktyvius junginius, tokius kaip daidzeinas ir glicirizinas, pasiekiant iki 72,03
ir 71,36 proc. junginiy atsipalaidavimo efektyvuma [125, 126]. Monoterpenai
i§ mikrokapsuliy efektyviausiai iSsiskyré¢ per pirmgsias 30 minuciy, nors
sabinenas buvo iSimtis — jis geriau i$siskyré zelatinos pagrindu pagamintose
tabletése. Gauti duomenys pabrézia pagrindo medziagos ir mikrokapsulés
sudéties svarba optimizuojant jkapsuliuoty medziagy iSsiskyrimg ir stabilu-
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m3. Pektino geb¢jimas tirpinimo metu islaikyti didesnj biologiskai aktyviy
junginiy kieki rodo jo potencialg kuriant veiksmingesnes farmacines formas,
kurioms reikalinga kontroliuojama ir tikslinga pernasos sistema.

ISvados

1. Ultragarsiné ekstrakcija (38 kHz, 100 proc.; 40 °C; 10 ar 30 min.),
derinama su termine hidrolize arba augalinés Zaliavos ekstrakcija tirpiklio
virimo temperatiiroje naudojant grjiZztamajj kondensatoriy, yra efektyviausi
metodai izoflavony aglikony (daidzeino ir genisteino) kiekiui i§ raudonyjy
dobily ziedy padidinti. Ekstrakcijos modifikavimas pagalbinémis medzia-
gomis tur¢jo teigiamg jtaka fenoliniy junginiy, flavonoidy ir izoflavony
iSeigos padidéjimui.

Taikant antioksidacinio aktyvumo nustatymo metodus (ABTS, DPPH,
FRAP) nustatyta, kad pagalbiniy medziagy (PVP/VAC ir CD) naudojimas
ekstrakcijos procese padidina ekstrakty antioksidacinj aktyvumg. Tai
tiesiogiai susij¢ su padidéjusiu fenoliniy junginiy kiekiu ekstrakcijos terpéje.
Tai rodo, kad pagalbinés medziagos gali padidinti augaliniy ekstrakty terapinj
potencialg. Antimikrobinio ir antivirusinio vertinimo metu paaiskéjo, kad
raudonyjy dobily ekstraktai, pagaminti naudojant etanolj kaip tirpiklj, efek-
tyviai slopina patogeniniy bakterijy, ypa¢ Gram+, dauginimasi, ir turi antivi-
rusiniy savybiy. Ekstrakcijos modifikavimas pagalbinémis medziagomis
Sioms ekstrakty savybéms jtakos neturéjo.

2. Emulsijy stabilumui ir daleliy dydziui jtakos turéjo emulsijos forma-
vimui naudoto aliejaus, gelifikuojan¢ios medziagos ir emulsiklio kiekis.
Emulsijos, sukurtos naudojant alginata, pasiZyméjo didesniu stabilumu ir
mazesniu daleliy dydziu, palyginti su chitozano emulsijomis. Naudojant algi-
natg ir B-CD kaip emulsiklj, tyrimo metu buvo sukurtos stabiliausios emul-
sijos.

Emulsijy su muskaty eteriniu aliejumi ir augaliniais ekstraktais stabilu-
mas skyrési, o naudojant kelis emulsiklius jis buvo gerokai didesnis.

3. Technologiniai veiksniai, tokie kaip polimero (alginatas, chitozanas),
emulsiklio (B-CD, garstyCiy ekstraktas, polisorbatas 80) ir mikrokapsulia-
vimo metodo (ekstruzijos, liofilizacijos ar purSkiamojo dziovinimo) pasirin-
kimas, tur¢jo jtakos mikrokapsuliy fizinéms savybéms, stabilumui ir kokybei.

I§ visy méginiy (ekstruzijos metodo) didziausig potencialg turéjo A2 ir
C2 sudéties mikrokapsulés, kuriy brinkimas, atsipalaidavimas simuliacinéje
in vitro terp¢je ir tvirtumas buvo geriausias, palyginti su literatiiros duome-
nimis ir méginiais, tirtais Siame tyrime. Formuluotése naudojant B-CD ir
priklausomai nuo naudoto gelifikatoriaus (alginato ar chitozano) pageréja
biologiskai aktyviy junginiy atpalaidavimas skrandzio ir Zarnyno terpése.
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Garstyciy ekstraktas savo sudétyje turi dvivalenciy jony, todél su alginatu
suformuoja stipresnius mikrokapsuliy apvalkalus. Mikrokapsulés su alginato
plévele pasizymi kontroliuojamuoju atsipalaidavimu zarnyne, o chitozano
apvalkalo mikrokapsulés visiskai istirpsta skrandzio terp¢je.

Siekiant apsaugoti lakiuosius muskaty eterinio aliejaus junginius, mikro-
kapsuliy formavimui buvo reikalingos didesnés polimerinimo iniciatoriaus
koncentracijos (5 proc.), palyginti su ekstrakty jkapsuliavimui reikalingais
kiekiais.

Lyginant liofilizuotas ir iSpurSkiamojo dziovinimo biidu gautas mikro-
kapsules, iSrySkejo biologiskai aktyviy junginiy i$laikymo, tirpumo ir fiziniy
savybiy skirtumy. LM buvo didesnés iSeigos ir iSsaugota daugiau fenoliniy
junginiy bei flavonoidy, todél buvo geresnés kokybés nei SDM.

4. Ekstruziniy mikrokapsuliy kiirimas, tobulinimas ir inkorporavimas |
kietaja farmacing forma — kapsulg padéjo suprasti, kad formuluotése naudo-
jamos medziagos reikSmingai veikia biologiSkai aktyviy junginiy atsipalai-
davimg Zarnyno ir skrandZio terpése, kuris yra svarbus veiksmingai vaisty
pernasos sistemai. Sukurta sistema su alginatu yra veiksminga, taciau sistemag
su chitozanu reikéty tobulinti dél joje esancio nedidelio izoflavony kiekio.

Kramtomosiose gelinése tabletése, kuriose yra liofilizuoty mikrokap-
suliy, biologiSkai aktyviy junginiy atpalaidavimo profiliai skyrési atsizvel-
giant | gelio pagrindg (Zelatina ar pektinas). Kramtomosios gelinés tabletés
gelifikuojanti medziaga turi jtakos inkapsuliuoty junginiy iSsiskyrimo
dinamikai — i§ pektininiy geliniy tableCiy junginiai atsipalaidavo laipsniskai,
o del gelio kietumo Zelatinos tabletése buvo matomas priesingas efektas.
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Abstract: Trifolium pratense L. is receiving increasing attention due to the isoflavones it contains,
which have been studied for their benefits to human health. A common problem with isoflavone
aglycones is a rather low water solubility and limited pharmaceutical applications. The use of
excipients, such as cyclodextrins in the production of isoflavone rich extracts, could become one of
the new strategies for the extraction of target compounds. The aim of this study was to evaluate
an eco-friendly method using the effects of -, - and y-cyclodextrins for isoflavone solubilization
in plant extracts in comparison to a standard extract without excipients. Extractions of red clover
were prepared using ultrasound-assisted combined with thermal hydrolysis and heat reflux. It was
determined that cyclodextrins significantly increased the isoflavones aglycone yields. By increasing
cyclodextrins in the extraction media from 1 to 5%, the daidzin concentration increased on average by
1.06 (x-cyclodextrins), 1.4 (B-cyclodextrins) and 1.25 (y-cyclodextrins) times. Genistein concentration
increased using «- and y-cyclodextrins (1.28 and 1.12 times, a- and y-cyclodextrins, respectively),
but decreased using B-cyclodextrins. The results showed that the cyclodextrin-assisted extraction
enhanced the yields of isoflavones from red clover, which suggests using cyclodextrins as a green
alternative and a cost-effective method to increase its pharmaceutical application.

Keywords: innovative strategies; Trifolium pratensis L.; red clover; isoflavones; aglycones; excipients;
cyclodextrins; extractions

1. Introduction

Trifolium pratense L. (red clover) (Figure 1) is a member of the family Leguminosae or
Fabaceae. It is a short-lived biennial plant which has been used for its wide health benefits,
which come from isoflavones [1]. The main isoflavones found in red clover are daidzein,
genistein, formononetin, and biochanin A, as well as their glycosides (such as genistin,
daidzin) [2,3].

Isoflavones are part of a large family of secondary plant metabolites called flavon-
oids [4]. Daidzin and genistein are the aglycones belonging to the phytoestrogen class and
possessing a broad range of pharmacological properties that reduce tumors, menopausal
symptoms, osteoporosis, and signs of aging. Isoflavones have also been reported to im-
prove learning skills and memory in menopausal women and to aid in the prevention and
treatment of heart disease and diabetes [5-7]. Phytoestrogens structurally resemble natu-
rally occurring estrogens in women and compete with them for binding estrogen receptors.
These compounds have a stronger affinity for binding ER-B than ER-a. By interacting with
ERs, isoflavones can exert estrogenic effects in humans. However, depending on the dose or
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the duration of exposure, isoflavones can also act as antiestrogenic agents [8]. They are cur-
rently heralded as offering potential alternative therapies for a range of hormone-dependent
conditions, including cancer, menopausal symptoms, and cardiovascular disease [9,10].

Ho"j 0 \| O’ﬂ‘rﬁ\l
HO"'_Q o. A 0 |\\/ -
T) j\ Daidzin

OH

Genistin I j\
R

5 il |
e HO\T;./ ]IOI[ ) J’J“DH
Y \[r \\|/ j Daldzein
OH O L =L

OH
Genistein

Figure 1. Milled red clover flower buds (0.5 mm) and the main isoflavones found in its extracts.

In plants, the most widely studied isoflavones, genistein and daidzein, are usually
encountered as conjugates and are hydrolyzed to aglycones (biologically active form) in
the human gut [11]. The isoflavone aglycones are absorbed faster and in greater amounts
than their glucosides. Therefore, hydrolysis of the sugar moiety is an essential prerequisite
for the bioavailability of isoflavones [12].

The estrogenic and antioxidant activities of daidzein and genistein, as mentioned
before, are conditioned to the aglycone form, which presents reduced solubility in aqueous
media [13,14]. Therefore, to preserve bioactive molecules and improve certain properties,
they need to be used with finishing formulation with the capacity to improve needed
characteristics. Additional materials, such as excipients, may be used to extract isoflavone
aglycones in water or another solvent and thus increase their yield in extract. Cyclodextrins
(CDs) can be suitable compounds for increasing the solubility of isoflavones. CDs can in-
teract with appropriately sized molecules to result in the formation of inclusion complexes.
These noncovalent complexes offer a variety of physicochemical advantages compared
to the unmanipulated drugs, including the possibility for increased water solubility and
solution stability [15].

There has been an increasing demand in recent years for cheaper, safer, and more
eco-friendly alternatives to organic solvents. CD-based extraction is an emerging “green”
technology of great potential [16]. CDs are being explored in the extraction of phenolic
compounds, such as phenolic acids, flavonoids and stilbenes from various types of natural
sources. The green extraction of phenolic compounds using CDs provides the possibility
for a more effective exploitation of natural plant resources and wider use of phenolic
compounds in the food and nutraceutical industries [17].

CDs are cyclic oligosaccharides composed of 6, 7, or 8 glucose units, named a-, -,
or y-cyclodextrin, respectively (Figure 2) [18]. They have a rigid conical molecular structure
with a hydrophobic interior and hydrophilic exterior. The internal cavity of these molecules
can include a wide range of guest molecules, ranging from polar compounds, such as
alcohols, acids, amines, and small inorganic anions, to non-polar compounds, such as
aliphatic and aromatic hydrocarbons, while the hydrophilic exterior helps CDs to interact
favorably with water [19].
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Figure 2. Chemical structures of a-, - and -CD.

The molecular interaction of isoflavones (genistein and daidzein) and p-CD and its
derivatives was studied by Shujing Li et al. [20] and V. Crupi et al. [21]. In these studies,
it was concluded that CDs form host-guest complexes and improve the solubility of pure
daidzein and genistein in water due to the formation of an inclusion complex [20,21].
Another published study investigated the formation of complexes of native cyclodextrins
and pure genistein. Genistein was found to form the lowest number of complexes with a-
CD. With - and 7-CDs, genistein formed complexes, but at different rates. The resulting
complexes were water soluble [22]. CDs can form dynamic solid inclusion complexes
with a wide variety of solid, liquid, and gaseous compounds by the process of molecular
complexation. There is no breakage or formation of covalent bonds during the formation of
an inclusion complex [23]. The driving forces leading to the inclusion complex formation
include the release of enthalpy-rich water molecules from the cavity, electrostatic interac-
tion, Van der Waals interaction, hydrophobic interaction, hydrogen bonding, release of
conformational strain, and charge-transfer interaction [24].

Choosing the right type of CD is important, since this factor can influence the ex-
traction yield and the selection of compounds from the sample matrix. The diameter and
volume of CDs increase with the increasing number of glucose units. Therefore, B-CD is
widely used due in its appropriate cavity size; y-CD is more suitable for moderate or larger
sized compounds, while a-CD is limited to accommodate some small guest molecules [17].

To our knowledge, this is the first study using a-, B- and y-CDs in Trifolium pratensis L.
extracts to increase aglycones daidzein and genistein yield using water and 50% ethanol as
a solvent. Thus, the present study was undertaken in order to evaluate the eco-friendly
method of using the effects of «-, B-, and -CDs for isoflavone solubilization in red clover
extracts in comparison to a standard extract without excipients.

2. Materials and Methods
2.1. Materials

Red clover samples were collected in red clover fields in Laitiai, Kupiskis district,
Lithuania (latitude 55°53/24.2” N; longitude 25°19/36.0” E). The collections of flower buds
and flowers were made on the 26th of September. Samples were dried and stored at
room temperature. Before use, clover flowers were ground to a fine powder using Ultra
Centrifugal Mill ZM 200 (Retsch, Haan, Germany). Grinding was performed at 4025 g
using a 0.5 mm trapezoid hole sieve.

HPLC grade and analytical-grade reagents were used: standards of genistein, genistin,
daidzein and daidzin (Sigma Aldrich, Steinheim, Germany); hydrochloric acid, sodium
hydroxide, acetic acid, methanol, acetonitrile, a-, B- and y-CDs (Sigma Aldrich, Hamburg,
Germany); ethanol (96%) (Vilniaus Degtine, Vilniaus, Lithuania); purified water was
prepared with GFL2004 (GFL, Burgwedelis, Germany). Deionized water was prepared
with Milipore, SimPak 1 (Merck, Darmstadt, Germany).
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2.2. Preparation and Extraction of Plant Material
2.2.1. Plant Material Moisture Determination

The moisture content of the milled red clover flowers was determined using a KERN
MLB apparatus (KERN & Sohn GmbH, Balingen, Germany). Aa amount of 0.3 + 0.01 g of
the material was placed in the apparatus and heated to 105 °C. At the end of the operation,
the device provided the moisture content of the material. The moisture of the plant material
varied from 7 to 7.4%.

2.2.2. Ultrasound-Assisted Extraction with Thermal Hydrolysis (UAE)

Ultrasound-assisted extraction was performed using an ultrasound bath (frequency 38 kHz)
(Grant Instruments™ XUB12 Digital, Cambridge, England). A sample of 0.3 & 0.001 g of
dried and milled flower heads was macerated in 10 mL of solvent. The extraction of
isoflavones was performed by employing different extraction conditions: solvent (50% v/v
ethanol and purified water) and extraction time (10 or 30 min), with the processing tempera-
ture of 40 & 2 °C (the temperature is regulated automatically by the ultrasonic bath) [25,26].

Thermal hydrolysis was completed by transferring the extract to a 250 mL round bot-
tom flask. It was refluxed in a sand bath at 100 °C for 1 h. After the procedure, the mixture
was left to cool down and then centrifuged with Sigma 3-18K centrifuge (Sigma, Osterode
am Harz, Germany) for 10 min at 3382 g, followed by the decantation of the supernatant.
The extracts were filtered through PVDF syringe filters (pore size 0.22 um, Frisenette,
Knebel, Denmark) prior to HPLC analysis. Sample preparation conditions are listed in
Table 1.

Table 1. Extraction conditions used for the experiment.

Sample Code ﬁ’é‘tﬁ‘;“;ﬂ:‘* Hl{,/?el;ll]llzsls Time, min Solvent * Excipient Exmp}g:ﬁf’drad
KV1** HR - 60
Kv2** thermal 10
§¥Z :: UA erma ?g Purified water - -
KV5 * ) 30
KE1 * HR - 60
KE2 * thermal 10
gi = UA erma ?8 50% Ethanol - -
KE5 ** B 30
Al HR - 60
2% A thermal 3 1:100
Ad B 10
A{%I’Sl HR _ 28 Purified water
AP2 10
AP3 UA thermal 30 #-CD 5:100
AP5 B 30
AE1 HR - 60
AE2 thermal 10
ﬁgg UA erma %g 50% Ethanol 1:100
AE6 B 30
Bl HR - 60
B2 10
B3 A thermal 30 1:100
B4 B 10
]5)5] HR _ 28 Purified water
363 thermal 3 B-CD 5:100
BP4 UA 10 ’
BP5 B 30
BE1 HR - 60
BE2 thermal 10
ggi UA erma %g 50% Ethanol 1:100
BE5 ° 30
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Table 1. Cont.

Extraction Hydrolysis

Excipient:Extract

Sample Code Method *** Method Time, min Solvent * Excipient Ratio
Gl HR - 60
G2 h 1 10
pot UA fherma 30 1:100
G4 _ 10
C?Psl HR - 28 Purified water
GP2 he | 10
P UA therma 30 7-CD 5:100
GP4 . 10
GP5 30
GE1 HR - 60
GE2 th 1 10
GE3 UA erma 30 50% Ethanol 1:100
GE4 10
GE5 30

*Solvent and herbal material ratio is the same in all the samples—10:0.3, respectively. ** Control samples prepared without excipients.
#* HR—heat-refluxed method; UA—ultrasound-assisted method.

2.2.3. Heat-Reflux Extraction (HRE)

Amounts of 0.3 & 0.001 g of dried and milled flower heads were mixed with 10 mL of
solvent (50% ethanol v/v or purified water) in a 250 mL round bottom flask and refluxed in
a sand bath at 100 °C for 1 h. After that, the mixture was left to cool at a temperature of
25 + 2 °C. The samples were centrifuged for 10 min at 3382 x g, followed by the decantation
of the supernatant. The extracts were filtered through PVDF syringe filters (pore size
0.22 pm) prior to HPLC analysis. Sample preparation conditions are listed in Table 1.

2.3. The Use of CDs in the Preparation of Extracts

Samples were modified with a-, - or 7-CDs. The extracts were made under the
same conditions as previously listed. Purified water or 50% of ethanol (v/v) was used as
the solvent, and the excipient was added to the extraction mixture. The same amount of
0.1 £ 0.001 g of a-, B- or 7-CDs was added to the extraction mixture samples (10 mL) to
prepare samples with CD concentrations of 1% (w/v). Another amount of 0.5 & 0.001 g of
a-, B- or -CDs was added to the extraction mixture samples (10 mL) to prepare samples
with CD concentrations of 5% (w/v). The excipient amount was based on the quantity of
solvent in the extract. The samples were centrifuged for 10 min at 3382 x g, followed by
the decantation of the supernatant. The extracts were filtered through PVDF syringe filters
(pore size 0.22 um) prior to HPLC analysis. Sample preparation conditions are listed in
Table 1.

2.4. HPLC-PDA Conditions

HPLC analyses were carried out using the Shimadzu Nexera X2 LC-30AD HPLC
system (Shimadzu, Tokyo, Japan), consisting of a quaternary pump, an on-line degasser,
a column temperature controller, the SIL-30AC autosampler (Shimadzu, Tokyo, Japan),
equipped with the CTO-20AC thermostat (Shimadzu, Tokyo, Japan) as well as the SPD-
M20A diode array detector (DAD). For the determination of polyphenols, an ACE 5 C18
250 x 4.6 mm column (Advanced Chromatography Technologies, Aberdeen, Scotland) was
used. The mobile phase consisted of solvent A (acetic acid/methanol/deionized water)
(1:10:89 v/v/v) and solvent B (acetic acid /methanol) (1:99 v/v/v). The linear gradient
elution profile was as follows: 80% A/20% B at 0 min; 30% A/70% B at 30 min; 90%
A/10% B at 39 to 40 min. The flow rate was 1 mL/min, and the injection volume was
10 uL. Absorption was measured at 260 nm. Quantification of isoflavone compounds was
performed using reference standards of daidzein, genistein, daidzin and genistin. The linear
calibration curves were constructed (daidzein R? = 0.9999; genistein R? = 0.9999; daidzin
R? = 0.9999; genistin R? = 0.9999); the peak areas were used for quantification. Linear
calibration curve functions were as follows: f(x) = 59664.2x + 37164.6 (daidzein), f(x) =
73083.1x + 44202.9 (genistein), f(x) = 38202.1x + 19377.4 (daidzin), f(x) = 49602.9x + 24083.3
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(genistin). The contents were expressed as ug/g dry weight (dw). The range of linearity of
daidzein: 0.43-221 ug/mL; genistein: 0.43-218 ug/mL; daidzin: 0.32-165 pg/mL; genistin:
0.3-151.5 pg/mL. Isoflavone separation HPLC-DAD chromatogram is provided in Figure 3.

mAU
4
3
500 -
1
250
. \ L
T T T T T
10 15 20 25 30

min

Figure 3. Isoflavone separation HPLC-DAD chromatogram: 1-daidzin; 2-genistin; 3-daidzein;
4-genistein.

2.4.1. Recovery Test of Isoflavones

The accuracy of HPLC-DAD was investigated using a modified Grazina et al. recovery
test method [27]. Two selected ethanolic red clover extracts were prepared as described
in Section 2.2.2. The UA sample was prepared using only ultrasound (processing time—
10 min, at temperature of 40 & 2 °C). The UAH sample was prepared using ultrasound
for 10 min (at temperature of 40 + 2 °C) and then heating the sample under reflux for 1 h.
The samples were centrifuged for 10 min at 3382 x g, followed by the decantation of the
supernatant. The extracts were filtered through PVDF syringe filters (pore size: 0.22 pum)
prior to HPLC analysis. Each sample was injected 6 times (1 = 6). The results of isoflavones
recoveries are provided in Table 2.

Table 2. Recoveries (= RSD (%), n = 6) of daidzein, genistein, daidzin and genistin from red
clover extracts.

+ RSD *** (%), n=6

Compound
UA* UAH **
Daidzein 227 0.56
Genistein 3.10 3.61
Daidzin 0.82 0.65
Genistin 1.14 0.48

*Red clover sample sonicated for 10 min, at 40 °C; ** red clover sample sonicated for 10 min, at 40 °C and then
heated under reflux for 1 h; ** recovery standard derivatization.

2.4.2. Isoflavones Obtained via CD-Assisted Extraction Release Analysis with HPLC-DAD

The isoflavone release from the CD complex was investigated using pure isoflavone
standards (genistein, daidzein, genistin and daidzin). Test samples were prepared using
1 mL of isoflavones standards mixed with 9 mL of 50% v/v ethanol or purified water with
0.1 +0.001 g of a-, B- or y-CD. The samples were sonicated for 10 min (at temperature of
40 £ 2 °C) and after that heated under reflux for 1 h. The samples were filtered through
PVDF syringe filters (pore size 0.22 pum) prior to HPLC analysis. The results are shown in
Table 3.
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Table 3. Concentrations of isoflavones recovered from the samples with CDs.

Sample

Genistein, ug/mL Daidzein, pg/mL Genistin, ug/mL Daidzin, ug/mL

Isoflavones without CDs
a-CDs prepared with
isoflavones in purified water
B-CDs prepared with
isoflavones in purified water
7-CDs prepared with
isoflavones in purified water
a-CDs prepared with
isoflavones in 50% ethanol
B-CDs prepared with
isoflavones in 50% ethanol
7-CDs prepared with
isoflavones in 50% ethanol

97.295 95.743 125.419 139.456
96.701 95.487 125.271 139.222
97.086 95.487 125.305 139.351
96.952 95.484 125.356 139.198
97.053 95.487 125.386 139.382
97.121 95.649 125.289 139.406
97.107 95.658 125.356 139.399

2.5. Statistical Analysis

Data are presented as mean =+ standard deviation (SD). All experiments were per-
formed in triplicate. Statistical analysis of the results was performed with SPSS 20.0 (IBM
Corporation, Armonk, NY, USA). One-way ANOVA was used to investigate the differences
between extractions. Post hoc comparisons of the means were performed according to
Tukey’s HSD test. The means of compared samples were considered significantly different
when p < 0.05.

3. Results and Discussion
3.1. Quantification of the Aglycones Using Purified Water and CDs as an Excipient

Before the experiment optimal conditions were selected for this research, different
concentrations of ethanol and two temperatures of ultrasound were selected in order to
obtain higher amounts of isoflavones. By extending the ultrasound processing time from
10 to 30 min, daidzein yields decreased, but genistein using 50% of ethanol increased
(EU1(KE4) and EU2(KE5) samples) (Table 4). By increasing ethanol concentrations and the
ultrasound processing temperature, isoflavone yield decreased. This is why in this study,
the ultrasound temperature was 40 °C (processing time 10-30 min, later used ethanol
concentration 50%).

Table 4. Extraction conditions influence on yield of isoflavones.

Sample Code Method Solvent Conditions Daidzein, Genistein, Daidzin, Genistin,
pg/mL pg/mL pg/mL pg/mL
EU1(KE4) UAE 50% EtOH 40 °C, 10 min 175.93 135.60 0.00 52.53
EU2(KE5) UAE 50% EtOH 40 °C, 30 min 93.73 165.83 0.00 44.07
EU3 UAE 50% EtOH 60 °C, 10 min 98.89 121.21 0.00 4122
EU4 UAE 50% EtOH 60 °C, 30 min 91.52 112.14 0.00 38.53
EU5 UAE 70% EtOH 40 °C, 10 min 56.15 69.02 0.00 79.33
EU6 UAE 70% EtOH 40 °C, 30 min 52.74 55.61 0.00 98.12
EU7 UAE 70% EtOH 60 °C, 10 min 84.12 106.35 0.00 84.62
EU8 UAE 70% EtOH 60 °C, 30 min 81.31 64.52 0.00 91.45
EU9 UAE 96% EtOH 40 °C, 10 min 21.22 147.33 0.00 89.24
EU10 UAE 96% EtOH 40 °C, 30 min 19.47 125.66 0.00 99.25
EU11 UAE 96% EtOH 60 °C, 10 min 73.54 119.41 0.00 92.17
EU12 UAE 96% EtOH 60 °C, 30 min 69.79 103.45 0.00 94.86
W1(KV4) UAE Purified water 40 °C, 10 min 51.06 1.23 0.00 0.00
W2(KV5) UAE Purified water 40 °C, 30 min 48.65 6.72 0.00 0.00
W3 UAE Purified water 60 °C, 10 min 32.15 0.00 0.00 0.00
W4 UAE Purified water 60 °C, 30 min 36.91 0.00 0.00 0.00
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The yield of isoflavones was determined in aqueous extracts obtained from dried and
milled Trifolium pratensis L. flower heads material by UAE and HRE. Isoflavones were de-
termined using HPLC-PDA. To make sure that all the isoflavones obtained via CD-assisted
extraction were released from the complex during HPLC-DAD analysis, we conducted an
additional experiment (Section 2.4.2). The results showed (Table 2) that we obtained the
same amounts of isoflavones as we had added. Therefore, all the isoflavones in the extracts,
determined by HPLC-DAD analysis, were separated from the complexes with CDs, and
there were no isoflavones still left in the complexes.

The use of HRE and UAE methods allows high yields of isoflavones to be obtained.
UAE waves are transmitted through the liquid medium, damaging the plant wall, resulting
in an improved solvent penetration. Therefore, bioactive components can be extracted
in minutes [28]. The presence of heat during isoflavone extractions triggers chemical
changes, with the decarboxylation of malonyl-glucosides to acetyl-glucosides and the
breakdown of the ester bond being frequently observed, the latter leading to the formation
of glucosides [26]. When using high temperatures, glycosides could convert to aglycones,
if the pH is right for the hydrolysis. However, the temperature and processing time should
be closely monitored and properly selected, because genistein and daidzein could degrade
at high temperatures [29]. Due to their simplicity and efficiency, HRE and UAE with
thermal hydrolysis have been used in the extraction of isoflavones in this study.

The use of CDs in an aqueous solution as extraction media can be considered a green
extraction since water is the main solvent and the existence of CD hydrophobic cavity
boosts the extraction of phenolic compounds, including isoflavones, due to the formation
of the inclusion complex [17]. Comparing control (KV1-5) samples with samples prepared
using CDs, it was determined that excipients enhanced aglycone yields (Figure 4).
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Figure 4. Quantitative yield of (A) genistein and (B) daidzein using excipients (1%). Control samples
without excipients (KV1-5), samples with -CD (A1-5), B-CD (B1-5), v-CD (G1-5). @ p < 0.05 vs. KV1,
b p <0.05 vs. KV2, € p < 0.05 vs. KV3, 4 p <0.05vs. KV4, ¢ p < 0.05 vs. KV5. Sample codes are
provided in Table 1.

94



Pharmaceutics 2021, 13, 620

9of 14

The highest aglycone yields were detected in sample B1 (258.67 & 10.34 genistein and
290.33 + 11.61 ug/g daidzein); the results were statistically significant compared with
control samples. It was observed that using a- and -CDs (A2-5 and B2-5 samples using a-
and B-CDs, respectively) during UAE and extending the sonication time from 10 to 30 min
resulted in increased aglycone yields. However, using 7-CDs (G2-3 samples) during UAE
(with additional thermal hydrolysis) prolonged the processing time and reduced aglycone
amounts in extracts (Figure 4A,B). Almost all of the samples (excluding A2, A3, A4 and
B5 samples) showed higher extraction results (p < 0.05) than the control samples without
excipients, and the use of the HRE method produced higher isoflavones extraction results
than UAE (Figure 4A,B). Using only UAE, without thermal hydrolysis (samples A, B; G 4-5),
showed poor (Figure 4A,B) but statistically significant results (compared with controls) in
extracting daidzein (Figure 4A). To obtain higher yields of daidzein and genistein, thermal
hydrolysis is a necessary step.

The increased yield of isoflavones in extracts with excipients can be explained by the
structure of CDs. The CD encapsulation of active compounds changes the compounds’
physicochemical properties, such as their aqueous solubility and chemical stability. The CD
molecule forms a hydrophilic shield around the appropriate lipophilic moiety of the drug
molecule. This increases the apparent aqueous solubility of the active compounds. The CD
can also protect chemically labile drug molecules from potentially corrosive environments
and, in this way, reduce or even prevent drug hydrolysis, oxidation, racemization and
enzymatic decomposition [17,30]. A. The studies of Daruhazi et al. focused on the pure
genistein and native, chemically non-modified CDs [22]. Their findings were similar to
those obtained in this study: the interaction between genistein and a-CD with the smallest
cavity size was found to be negligible compared to p- and -CDs. Therefore, genistein
has the lowest affinity and cannot form a stable complex with a-CD. However, in this
study, the results obtained with a-CD were statistically significant compared to the control
samples (KV1-5) (Figure 4).

Additionally, the target compounds (in the case of this study, isoflavones) must
be hydrophobic to form a complex with CDs due to the hydrophobic cavity of the CD.
The more hydrophobic the guest is, the stronger the interaction is between the host and
guest. Genistein and daidzein have poor water solubility, but daidzein is more lipophilic
than genistein [31,32]. However, glycosides are naturally polar due to the availability of at
least one sugar moiety in the molecular structure [33]. This physical property of isoflavones
explains why the aglycone yield in the extracts with CDs increased and no glycosides were
found.

3.2. Influence of Cyclodextrin Increase on Aglycone Yield

To enhance isoflavone yields, CD concentrations were increased to 5%. The highest
(p < 0.05) amounts of isoflavones were obtained from BP1 and GP1 samples, which were
prepared using -CDs and y-CDs, respectively (Figure 5). Sample BP1 yielded the highest
amount of daidzein (417.1 & 16.68 nug/g) and GP1 genistein (222.133 + 8.82 ug/g).

However, the increase in CDs increased the amount of daidzein more than genistein.
Daidzein yields increased on average by 1.06 (x-CDs), 1.4 (8-CDs) and 1.25 (y-CDs) times
when the CDs were increased from 1 to 5%. Genistein yields increased using «- and y-CDs
(1.28 and 1.12 times, a- and -CDs, respectively), but decreased using B-CD. Nevertheless,
as in extracts with 1% CDs, the glycosides, daidzin and genistin were not detected in the
extracts with 5% of excipients.

As previously mentioned, CD forms complexes with hydrophobic compounds. Ac-
cording to lipophilicity, expressed as the logarithm of the octanol-water partition coefficient
log P o/w, genistein has 2.04 and daidzein 2.24, which means, that daidzein is more hy-
drophobic than genistein and as a result can form host-guest complexes with the CDs more
actively [34]. The increase in the daidzein yield indicates that in high temperatures it can
form more stable complexes with B-CDs and y-CDs compared with genistein.
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Figure 5. Quantitative yield of (A) genistein and (B) daidzein using excipients (5%). Control samples
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provided in Table 1.

In this study, a temperature of up to 100 °C was employed. In the literature, phase-
solubility studies of genistein and daidzein with CDs complexes were performed at lower
temperatures (24—45 °C). Therefore, there is no information about isoflavones and CD
phase solubility at high temperatures. Based on phase solubility diagrams found in the
literature, it was observed that when performed at lower temperatures, increasing a-
and y-CD concentrations up to 10% in samples, the quantities of dissolved genistein
increased. When using B-CDs, the results showed that genistein solubility increased.
However, the results presented in the literature showed genistein solubility only with 2%
concentration B-CD on a phase solubility diagram [22]. The solubility of daidzein with
B-CDs also increased when the temperature was increased. Therefore, it is possible that
daidzein complexes are formed more intensively at temperatures of up to 40 °C. In the
literature, the formation of the genistein complex with cyclodextrins decreases with the
increasing temperature [35,36].

3.3. Effect of 50% Ethanolic and CD-Assisted Extractions on the Aglycone Yield

In order to increase the isoflavone yield in extract, it was decided to use organic solvent
as a co-solvent with CDs, because aglycones are compounds, which are more hydrophobic
than hydrophilic; therefore, their solubility in water is limited. After the complex with CDs
degrades, a precipitate of isoflavones can form in the water. Using organic solvent can
prevent this process.

In the literature, other organic solvents were studied in relation to cyclodextrins,
and their role as a co-solvent was observed. In the study of H. Yoshii et al., it was deter-
mined that only ethanol, methanol, acetonitrile, isopropyl alcohol and n-propyl alcohol
can act as solvents and cannot fully compete with the drug for inclusion [37]. Conven-
tional solid-liquid extraction commonly uses hydroalcoholic mixtures, and an increasing
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popularity of ethanol can be noticed in the literature due to its food-grade and less toxic
nature [38]. L. Y. Yoshiara et al. optimized soy isoflavone extraction with different solvents
and reported that using pure organic solvents for isoflavone extraction was not efficient,
suggesting that the use of these extraction solvents in binary or ternary mixtures with water
could be more advantageous [39]. In this study, 50% ethanol was selected as a safe solvent
to use, so that the extracted isoflavones could later be used in nutraceutical production.
Additionally, these results were supported by results presented in Table 4.

When using 50% of ethanol as a solvent, the highest yields of daidzein (p < 0.05)
were detected in BE3 and GE3 samples using f-CDs and -CDs, respectively (Figure 6B).
The highest yield of genistein was observed in sample GE3 (226.97 £ 9.08 ug/g) (Figure 6A),
although similar results were obtained in samples GE1-2 and BE1. The genistein and
daidzein contents in the BE3 sample were 184.30 + 7.37 ug/g and 697.167+ 27.88 ug/g;
in the GE3 sample, they were 226.96 4 9.07 ug/g and 682.90 &+ 27.31 ug/g.

B
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Figure 6. Quantitative yield of isoflavone aglycones ((A) genistein and (B) daidzein) and glycosides ((C) genistin and (D)
daidzin) using excipients (1%) and 50% ethanol as a solvent. Control samples without excipients (KE1-5), samples with
a-CD (AE1-5), B-CD (BE1-5), 7-CD (GE1-5). ? p < 0.05 vs. KE1, ® p < 0.05 vs. KE2, © p < 0.05 vs. KE3, 9 p < 0.05 vs. KE4,
€ p <0.05 vs. KE5. Sample codes are provided in Table 1.

By changing the solvent from water (Figure 3) to 50% ethanol (Figure 6), the aglycone
yield in the extract increases on average by 2-3 times. This was observed using all CDs,
except B-CD, which reduced genistein yield by 1.17 times. Using a-CD in the extraction in-
creased genistein yield by 3.32 times, and -CD increased the yield by 2.36 times. Daidzein
amounts increased with all CDs—3.64, 2.31 and 3.06 times (-, B- and y-CD, respectively).
As in the previous results, by using water as a solvent, the concentrations of isoflavones,
obtained using only ultrasound without thermal hydrolysis, were low.

Boonyarattanakalin et al. studied the role of ethanol as a co-solvent in the cyclodextrin
inclusion complexation. In the study, it was determined that ethanol has an effect on the
formation of the cyclodextrin inclusion complex. It can act as a guest molecule, interfere
with complex formation and compete with other guest molecules, but due to the different
a-, B- and y-CD cavity sizes, it interacts differently with each CD. Ethanol mainly forms
complexes with B-CD [40]. Therefore, genistein and ethanol compete for B-CD. Due to the
ethanol and CD interaction, the yield of isoflavones did not differ significantly compared
with the control samples (KE1-5) as it did when CDs were used with purified water.
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High yields of genistin and daidzin (Figure 6A,B) in the extracts showed that they
were not fully hydrolyzed. The boiling point of 50% ethanol is lower than that of purified
water. CDs form inclusion complexes more intensively at higher temperatures, so it is
important to choose the right temperature [41]. Isoflavone aglycones can be unstable at
high temperatures and break down [42]. The degradation reaction rate of isoflavones
reaches its peak at ~95 °C for genistein and at ~98 °C for daidzein [43]. The boiling
temperature of ethanol (50%) is 92 °C, and purified water has a boiling point of 100 °C.
Therefore, the 8 °C difference can affect aglycones. Consequently, it can be assumed that
glycosides are completely hydrolyzed to aglycones in purified water, using HRE or thermal
hydrolysis, but may degrade due to exposure to high temperatures, yet some of them could
be protected by the cyclodextrin—aglycone complex [17]. This is why using 50% ethanol
results in more aglycones and their glycosides being recovered.

As mentioned before, not all the glycosides were hydrolyzed. The highest yields
(p < 0.05) of genistin and daidzin were found in GE1 and AE1 samples (Figure 6A,B).
Comparing the samples prepared with excipients, it was observed that when using #-CDs,
the average genistin and daidzin amounts were higher than when using -, v-CD or no
excipients in the extracts (control samples).

4. Conclusions

The results indicate that the use of a-, - and -CDs during extractions increases
the yield of isoflavones significantly. The use of purified water with CDs enhanced the
isoflavone yields compared with samples without excipients.

The recovery of isoflavone aglycones from plant materials is influenced by the solvent,
extraction time and temperature. Long extraction times and high temperatures increase the
chance of the oxidation of CDs and the degradation of isoflavone aglycones, which decrease
the yield of isoflavones in the extracts. To obtain a high amount of isoflavones, the water
temperature should be closely monitored to avoid the degradation of compounds.

When using purified water as a solvent and increasing concentrations of CDs in
the extraction media from 1 to 5%, daidzin yield increased on average by 1.06 (a-CDs),
1.4 (B-CDs) and 1.25 (-CDs) times. The amount of genistein increased using a- and y-CDs
(1.28 and 1.12 times a- and y-CDs, respectively), but decreased using B-CD.

The highest genistein yield was detected in sample B1 258.67 4 10.34 ug/g, which was
prepared using -CD and purified water. The highest daidzin yields were detected in BE3
and GE3-697.16 + 27.88 and 682.90 & 27.31 ug/g (using - and y-CD in 50% ethanol,
respectively).

Our study demonstrated that the a-, B- and y-CD-assisted extraction of Trifolium
pratense L. enhanced the isoflavone yield compared to extraction using the same conditions
without excipients. Increasing the levels of naturally occurring isoflavone aglycones
from herbal materials can create new opportunities for the application of these bioactive
compounds in food, nutraceutical and medical fields.
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Abstract: Isoflavones can be found in different chemical forms, but the health beneficial effects mainly
appear in their free forms—aglycones. Their yield in red clover (Trifolium pratensis L.) extracts differs
due to different extraction and hydrolysis methodologies. The main aim of this study was to obtain
the highest yields of daidzein and genistein from red clover blossoms through the various extraction
and hydrolysis methods and to increase their quantities using additional excipients. Extracts were ob-
tained by ultrasound-assisted, heat-reflux and maceration methods combining them with acidic, alka-
line, and thermal hydrolysis. Using ultrasound-assisted extraction with optimal conditions and heat-
reflux method highest yields of isoflavones were obtained in UTE510 (393.23 + 19.66 ug/g daidzein
and 171.57 + 8.58 pg/g genistein); UTE530 (415.07 & 20.75 ug/g daidzein and 150.57 + 7.53 ug/g
genistein) and HNES5 (432.30 & 21.61 ug/g daidzein and 154.50 £ 7.72 ug/g genistein) samples.
These conditions were used with excipients: magnesium aluminometasilicate, croscarmellose sodium,
sodium carboxymethyl starch and vinylpyrrolidone-vinyl acetate copolymer. This is the first study
reporting the ability of the vinylpyrrolidone-vinyl acetate copolymer to promote solubilization and
availability of active compounds from a herbal extract, resulting in enhanced isoflavones yield.
The results of the present study showing increased solubility and availability provided by the
vinylpyrrolidone-vinyl acetate copolymer suggest that this preparation could in principle also reduce
variability due to limited water solubility of isoflavones.

Keywords: Trifolium pratensis L.; red clover; isoflavones; aglycones; excipients; extractions

1. Introduction

Red clover (Trifolium pratense L.) is a perennial legume that is widely grown organically
and conventionally in many countries because of its agriculture value or for their use in
traditional medicine [1,2]. In the past decade, red clover has received a considerable
amount of interest as an alternative valuable source of isoflavones with variety of health
protective effects [3].

The main isoflavones found in the red clover are formononetin, biochanin A, daidzein
and genistein [4]. These isoflavones possess estrogenic [5] and antiproliferative effects [6].
Various products from semi-purified isoflavones and their free forms have been studied for
the possible preventive role of breast and prostate cancer, maintenance of bone health, im-
provement of cardiovascular health and benefits related to menopausal problems [5,7-10].

Natural isoflavone glycosides, such as daidzin and genistin are not easily absorbed in
intestinal absorptive cells because of their large hydrophilic structures. These conjugated
isoflavones are inactive compounds but become active in aglycone (daidzein and genistein)
form when the glucose molecule is removed from the structure (Figure 1). The hydrolysis
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of glycosides is an important step to obtain biologically active and easily absorbed forms

of isoflavones [11,12].
OH OH
HO HO
OH OH
Genistin Daidzin

Genistein Daidzein
Figure 1. Chemical structures of genistin, genistein, daidzin and daidzein.

Choosing the right extraction method and parameters are the most important stages
in the development of nutraceuticals from natural resources. Different extraction processes
contribute to the extraction efficiency of the active ingredient from the solid matrix [13,14].
The extraction method of isoflavones daidzein and genistein from plant material should be
simple, safe, inexpensive, and suitable for industrial applications. Isoflavonoids in plant
material are mostly present as glycosides. Therefore, to extract the aglycone forms from
plants, drastic methods (ultrasound /microwave-assisted extractions) or mild extraction
techniques (maceration/percolation) followed by hydrolysis must be performed [15-17].

The conventional extraction methods, such as maceration, percolation and soxhlet
extractions, have been employed for decades, but it is not economical because of relatively
large quantities of solvent and the required long extraction times [18]. To reduce the
time of extraction, many measures have been investigated, either separately or combined.
Ultrasound-assisted extraction has been explored, changing various parameters, and it has
shown a great increase of isoflavones yield, reduced quantities of solvents and shortened
the time of extraction [15].

Additional transformation of isoflavone glycosides to aglycones can be achieved
using an extraction method combined with hydrolysis. Using chemical (a base/an acid)
or thermal (high temperatures) hydrolysis can increase aglycones content [19]. Using
hydrolysis, glycosides convert to aglycones, but the temperatures and processing time
should be closely monitored and properly selected because genistein and daidzein could
degrade at high temperatures [20].

Excipients are the compounds that are added to the formulation along with pharma-
cologically active substances. The main purpose of adding them in drugs is to increase the
bulk of the formulation along with imparting desired properties. Almost all drug dosage
forms include an excipient to guarantee the dosage, stability and bioavailability [21,22]. Ex-
cipients can also be used for improving extraction and changing environmental conditions.
For example, salts that change ion voltage, surfactants, emulsifiers (sorbitan esters (Spans®),
polysorbates (Tweens®)), and pH-adjusting substances are used [23]. Croscarmellose
sodium, sodium carboxymethyl starch and vinylpyrrolidone-vinyl acetate copolymer has
been used for the first time as an excipient for chemical compound extractions; previously,
it was used as an excipient in solid dosage forms [24-26]. Magnesium aluminometasilicate
was used in previous studies to increase essential oil yield from nutmeg seeds [23].
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So, the aim of this study was to establish an optimal extraction method, hydrolysis,
and parameters to produce isoflavones from red clover and to use excipients on said
extracts to increase the isoflavones yield.

2. Materials and Methods
2.1. Materials

Red clover samples were collected at Lai¢iai, Kupiskis district, northeast Lithuania.
Flower buds and flowers (average color, light red, dark red and bright red) collections
were made on 26 September. Samples were dried and stored at room temperature. Before
use, clover flowers were grounded to a fine powder using Ultra Centrifugal Mill ZM 200
(Retsch, Haan, Germany). Grinding was performed at 4025 g using a 0.5 mm trapezoid
holes sieve.

HPLC-grade and analytical-grade reagents were used: hydrochloric acid, sodium hy-
droxide, acetic acid, methanol, acetonitrile (Sigma Aldrich, Hamburg, Germany); standards
of genistein, genistin, daidzein and daidzein (Sigma Aldrich, Steinheim, Germany); and
ethanol (96%) (Vilniaus Degtine, Vilniaus, Lithuania). Purified water was prepared with
GFL2004 (GFL, Burgwedelis, Germany). Deionized water was prepared with Milipore,
SimPak 1 (Merck, Darmstadt, Germany). Excipients included croscarmellose sodium,
sodium carboxymethyl starch and vinylpyrrolidone-vinyl acetate copolymer (JRSPharma
& Gujarat Microwax Pvt Ltd., Ahmedabad, India) and magnesium aluminometasilicate
(Neusilin®) (US2, Fuji Chemical Industries Co., Ltd., Toyoma, Japan).

2.2. Extraction of Plant Material
2.2.1. Moisture Determination of Red Clover Plant Matearial

The moisture content of the milled red clover flowers was determined using a KERN
MLB apparatus (KERN & Sohn GmbH, Balingen, Germany). A total of 0.3 & 0.01 g grams of
the material was placed in the apparatus and heated to 105 °C. At the end of the operation,
the device provided a calculated moisture content of the material [27]. The moisture of the
red clover plant material humidity ranged from 7% to 7.4%.

2.2.2. Maceration Extraction (ME)

Maceration extraction was carried out using a modified method of Krahmer et al.,
2013 [28]. A total of 0.3 & 0.001 g of dried and milled flower heads were macerated in 10 mL
ethanol (70 or 50% v/v). The samples were centrifuged for 10 min at 3382 g, followed by the
decantation of the supernatant. The extracts were hydrolyzed using alkaline hydrolysis and
then filtered through PVDF syringe filters (pore size 0.22 um) for further HPLC analysis.
The extraction conditions are displayed in Table 1 and decoding of the samples are provided
in Figure 2.

Extraction Hydrolysis Solvent Ultrasound
method method processing time
None (N); . 10 minutes (10);
) . . . ) Ethanol 50 % (ES); . .
Ulﬁiiﬁzn:ﬂixssje(%@’ :u??'l N (?:1})- Ethanol 70 % (E7); 1 1n-3 . s (?tn i lied
Mseomation (O ; Tha mel o 3 Purified water (W): ul as;;lllt:ll we;sn a]];p. ie
aceration . erma. % Mix of solvents (M) no aadinonal numoer
Natural Fermentation (F). needed.

Figure 2. Decoding of the samples provided in Table 1.
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Table 1. Extraction conditions used for the experiment.

Sample Code Method * Hydrolysis Method Solvent Process.mglExfrachon
Time, min
UNE710 - 10
UACE710 acidic 10
UALE710 alkaline o 10
UNE730 U _ ethanol 70% 30
UACE730 acidic 30
UALE730 alkaline 30
UNE510 - 10
UACES510 acidic 10
UALE510 alkaline 10
UTES510 thermal 10
UNES30 U _ ethanol 50% 30
UACES530 acidic 30
UALE530 alkaline 30
UTE530 thermal 30
HNW H - purified water 60
UTW10 o 10
UTW30 u thermal purified water 30
MNE5 - ethanol 50%
MNE7 M - ethanol 70% 1080
MFM M natural fermentation 70%; 96% ethanol, deionized water 2880
HNE5 H - ethanol 50% 60

* U—Ultrasound-assisted extraction; H—Heat-reflux extraction; M—maceration.

2.2.3. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction was performed using an ultrasound bath (frequency
38 kHz) (Cambridge, UK, Grant Instruments™ XUB12 Digital). A total of 0.3 +-0.001 g
of dried and milled flower heads was macerated in 10 mL of solvent. The extraction
of isoflavones was performed by employing different extraction conditions—solvent
(70 or 50% ethanol and purified water v/v) and extraction time: 10 to 30 min, process-
ing temperature 40 £ 2 °C [17,29]. The samples were centrifuged for 10 min at 3382 g,
followed by the decantation of the supernatant. The extracts were hydrolyzed and then
filtered through PVDF syringe filters (pore size 0.22 um) for further HPLC analysis. The
extraction conditions are displayed in Table 1 and decoding of the samples are provided
in Figure 2.

For easier comprehension, the samples are coded according to their conditions (Figure 2).
The first letter of the sample indicates extraction method; the second, the hydrolysis method;
and the third, the solvent and ultrasound processing time (if ultrasound was not applied,
no additional number was added).

Some of the samples were modified and prepared with vinylpyrrolidone-vinyl ac-
etate copolymer, croscarmellose sodium, sodium carboxymethyl starch or magnesium
aluminometasilicate. The extracts were made in the same conditions, which were listed
earlier. Sample preparation conditions are listed in Table 2 and decoding of the samples are
provided in Figure 3.
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Table 2. Extraction conditions using excipients for the experiment.

Extraction Hydrolysis - Excipient: Processing
Sample Code Method * Method Solvent Excipient Extract Ratio Time, min
UTEMO10 10
1) thermal
UTEMO30 ethanol 50% 1:100 30
HNEMO H - Magnesium 60
aluminometasilicate
UTWMO10 10
_— U thermal
UTWMO30 purified water 1:100 30
HNWMO H - 60
UHWCO10 10
—_— U thermal
UHWCO30 purified water Croscarmellose sodium 1:100 30
HNWCO H - 60
UTWSO10 U h . 10
erma e Sodium
T .
UTWSO30 purified water carboxymethyl starch 1:100 3
HNWSO H - 60
UTWVO10 10
_— 18] thermal
UTWVO30 purified water 1:100 30
HNWVO H - 60
UTWVTI0 10
U thermal »
UTWVT30 purified water 2.5:100 30
HNWVT H - Vinylpyrrolidone-vinyl 60
UTWVF10 acetate copolymer 10
U thermal .
UTWVEF30 purified water 5:100 30
HNWVF H - 60
UTEVO10 10
U thermal
UTEVO30 ethanol 50% 1:100 30
HNEVO H - 60
* U—ultrasound-assisted extraction; H—heat-reflux extraction; M—maceration.
Extraction . . Excipient .
method —| Hydrolysis —| Solvent Excipient [—| concentration | | Time

Ultrasound assisted (U);
Heat-Refluxed (H).

None (N);
Thermal (T).

Ethanol 50 % (E):
Purified water (W).

Magnesium aluminometasilicate (M);
Croscarmellose sodium (C);
Sodium carboxymethyl starch (S);

Vinylpyrrolidone-vinyl acetate
copolymer (V).

1% (0);
25% (
5% (F)

10 minutes (10):
30 minutes (30):
If ultrasound wasn’t
applied no additional
number needed.

Figure 3. Decoding of the samples provided in Table 2.

The samples in Table 2 are coded according to their conditions (Figure 3). The first
letter of the sample indicates the extraction method; the second, the hydrolysis method; the
third, the solvent; the fourth, the excipient; and the fifth, the excipient concentration and
the number show ultrasound processing time (if ultrasound was not applied, no additional
number was added).
Purified water or 50% of ethanol (v/v) was used as the solvent and the excipient was
added to the extraction mixture. The excipients concentration in the extract were 1% (v/w)
(0.1 £0.001 g was added to the extraction mixture of 10 mL); for vinylpyrrolidone-vinyl

106



Pharmaceutics 2021, 13, 777

60f17

acetate copolymer, it was from 1 to 5% (v/w) (0.1 4= 0.001-0.5 + 0.001 g were added to
the extraction mixture of 10 mL). The excipient amount was based on solvent quantity.
The samples were centrifuged for 10 min at 3382 g, followed by the decantation of the
supernatant. The extracts were filtered through PVDF syringe filters (pore size 0.22 pm)
prior to HPLC analysis.

2.2.4. Heat-Reflux Extraction (HRE)

A total of 0.3 + 0.001 g of dried and milled flower heads were mixed with 10 mL of
used solvent (70%, 50% ethanol or purified water v/v) in a 250 mL round bottom flask
and it was refluxed in the sand bath at 100 °C for 1 h. Consequently, the mixture was
left to cool at 25 + 2 °C temperature. The samples were centrifuged for 10 min at 3382 g,
followed by decantation of the supernatant. The extracts were filtered through PVDF
syringe filters (pore size 0.22 um) prior to HPLC analysis. The extraction conditions are
displayed in Table 1.

2.3. Hydrolysis and Neutralization
2.3.1. Acidic Hydrolysis and Neutralization

For the acid hydrolysis modified method of Zgorka, 2009 was used [4]. Extracts were
transferred to a 250 mL round-bottom flask. A total of 37% HCI was added to the whole
medium ratio 1:12 (v/v) and finally the flask was placed in a heating mantle under a reflux
condenser. Sample hydrolysis was performed from the beginning of liquid boiling for a
period of 1 h. Then, hydrolyzed extracts were cooled down to 25 =+ 2 °C then neutralized to
pH~2.5 by adding aqueous solution of 2 M NaOH while stirring. The neutralized extracts
were filtered. The neutralized solution was prepared for further HPLC analysis.

2.3.2. Alkaline Hydrolysis and Neutralization

Alkali hydrolysis was carried out using 25% NaOH. The pH was changed to 10.5 and
then the extracts were sonicated at 45 & 2 °C for 10 min. After hydrolysis, the sample was
neutralized to pH 5.7 using 25% acetic acid. The neutralized extracts were filtered. The
neutralized solution was prepared for further HPLC analysis.

2.3.3. Thermal Hydrolysis

Thermal hydrolysis was carried out by transferring the extract to a 250 mL round-
bottom flask. It was refluxed in the sand bath at 100 °C for 1 h. After that, the mixture was
left to cool at 25 + 2 °C temperature. The samples were centrifuged for 10 min at 3382 g,
followed by the decantation of the supernatant. The extracts were filtered through PVDF
syringe filters (pore size 0.22 um) prior to HPLC analysis.

2.3.4. Maceration Extraction (ME) with Natural Hydrolysis

The maceration was carried out using 0.3 + 0.001 g of dried and milled flower heads,
which were weighed and covered completely with 30 mL deionized water and kept
overnight. The next day, extracts were filtered using a Buchner funnel and filtrates were
collected. A second overnight water extraction was carried out using 20 mL of deionized
water. The spent plant material was extracted again overnight with 40 mL of 96% ethanol
and the fourth time with 70% aqueous ethanol. All four filtrates from each sample were
combined as one extract [1]. The extraction conditions are displayed in Table 1.

2.4. HPLC-PDA Conditions

HPLC analyses have been carried out using the Shimadzu Nexera X2 LC-30AD HPLC
system (Shimadzu, Tokyo, Japan), consisting of a quaternary pump, an on-line de-gasser,
a column temperature controller, the SIL-30AC autosampler (Shimadzu, Tokyo, Japan)
equipped with the CTO-20AC thermostat (Shimadzu, Tokyo, Japan) as well as the SPD-
M20A diode array detector (DAD). For determination of polyphenols, an ACE 5 C18
250 x 4.6 mm column (Advanced Chromatography Technologies, Aberdeen, Scotland)
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was used. The mobile phase consisted of solvent A (acetic acid/methanol/deionized
water) (1:10:89 v/v/v) and solvent B (acetic acid/methanol) (1:99 v/v/v). The linear
gradient elution profile was as follows: 80% A/20% B at 0 min, 30% A/70% B at 30 min,
90% A/10% B at 39 to 40 min. The flow rate was 1 mL/min, and the injection volume was
10 uL. Absorption was measured at 260 nm. Quantification of isoflavone compounds was
performed using reference standards of daidzein, genistein, daidzin, and genistin. The
range of linearity of daidzein was 0.43 to 221 ug/mL, genistein was 0.43 to 218 ug/mL,
daidzin was 0.32 to 165 ug/mL, and genistin was 0.3 to 151.5 ug/mL. The linearities of
the calibration curves are provided in Table 3. The contents were expressed as ug/g dry
weight (dw). Specificity is the ability to unequivocally assess the analyte in the presence
of components, which may be expected to be present. In this study, standards (genistein,
daidzein, genistin, daidzin) were analyzed and their retention time and spectra were
compared with prepared extracts [27].

Table 3. The linearities of calibration curves of isoflavones.

. . Coefficient of Coefficient of . -
Component  Calibration Equation Determination R Correlation R LOD LOQ
Daidzein 59,664.2x +37,164.6 0.9999 0.9999 0.05 0.12
Genistein 73,083.1x +44,202.9 0.9999 0.9999 0.05 0.12
Daidzin 38,202.1x +19,377.4 0.9999 0.9999 0.08 0.31
Genistin 49,602.9x +24,083.3 0.9999 0.9999 0.075 0.28

* LOD—Ilimit of detection; ** LOQ—Iimit of quantification.

2.5. Statistical Analysis

Data is presented as the mean =+ standard deviation (SD). All experiments were
performed in triplicate. Statistical analysis of the results was performed with SPSS 20.0 (IBM
Corporation, Armonk, NY, USA). One-way ANOVA was used to investigate the differences
between extractions. Post hoc comparisons of the means were performed according to
Tukey’s HSD test. The means of compared samples were considered significantly different
when p < 0.05.

3. Results and Discussion
3.1. Determination of Isoflavones Aglycones in Trifolium pratensis L. Extracts
3.1.1. Aglycones Extraction Using UAE Method

The yield of daidzein and genistein were determined in the different concentrations
ethanolic extracts obtained from dried Trifolium pratensis L. flower heads material by UAE.
Isoflavones were determined using HPLC-PDA. Conventional extraction methods are
based on the use of chemical solvents and sample heating to maximize the solubility
of the active principles and speed up mass transfer. The extraction yield depends on
several factors, including the type, concentration and amount of solvent, its residence
time and temperature [30]. Different processing times (10 and 30 min) and two ethanol
concentrations (50% and 70%) were employed for flower heads extraction using UAE
(temperature 40 °C). These extraction conditions were used to determine the effect of
treatment time and solvent concentration on isoflavones content when the hydrolysis is
not involved. In the study by L. Y. Yoshiara et al., it was determined that using pure
organic solvents for isoflavone extraction was not efficient, suggesting that the use of these
extraction solvents in binary or ternary mixtures with water could be more convenient [31].
Additionally, Rostagno et al.’s study concluded that the best solvent for ultrasound-assisted
extraction of isoflavones is 50% ethanol [32]. Therefore, based on conducted and published
studies, it was decided to use two ethanol concentrations—50% and 70%—with water (v/v)
as a safe solvent, so that the extracted isoflavones could later be used in nutraceuticals
production. The results of genistein and daidzein yields, using only UAE method without
hydrolysis, are shown in Figure 4.
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Figure 4. Influence of UAE treatment time and solvent concentration without hydrolysis on the maximal extraction yield of
genistein and daidzein in extracts. 2 p < 0.05 vs maceration with 50% ethanol (MNES5); ® p < 0.05 vs maceration with 70%
ethanol (MNE?). Sample codes and preparation conditions are displayed in Table 1.

The highest genistein and daidzein amounts were obtained using 50% ethanol and
10 min ultrasound processing time —175.93 4 8.7 and 135.60 + 6.7 ug/g (genistein and
daidzein, respectively). Extending the processing time from 10 to 30 min aglycones quanti-
ties decreased in all the samples. The driving force for UAE is cavitation. Decreasing yields
of compounds when the extraction time is increased can be explained by cavitation bubbles
collapse [33]. As soon as a bubble collapses near a surface (cell walls, herbal particles, or
any suspended material in the liquid), it deforms, taking up a doughnut shape, impacting
the wall with the potential to sweep particles away from the surface or indeed cause actual
damage. During ultrasound extraction, the solvent vapors and any gases dissolved in the
solvent that are in the bubble are exposed to the extreme conditions generated by collapse.
If there is water vapor in the bubble, its collapse leads to the homolytic splitting of the
water molecules to generate reactive HO- and hydrogen atoms. The radicals formed then
undergo reactions to produce H,O, and other active oxidizing agents [34]. The amount of
generated oxidizing agents during processing is small, but it could cause some degradation
of the extract if the sonication continued over a long period [35].

The differences between simple maceration (MNE5) and UAE samples when 50%
concentration ethanol was used were statistically significant in the sample UNE510 and in
the sample UNE530 only genistein yield was significant (Figure 4). The same results were
precured when comparing UNE510 and UNE530 samples with maceration (MNE?) that
was carried out using 70% concentration ethanol.

Low amounts of the glycosides genistin and daidzin were obtained in the samples; their
yields were statistically insignificant (p > 0.05). Therefore, they are not shown in the graph.

3.1.2. Aglycones Extraction Using UAE Method with Acidic Hydrolysis

Combining UAE with acidic hydrolysis and using 70% or 50% concentration ethanol
as a solvent, genistein was not found (Figure 5). The exception was sample UACE730,
but the amount of genistein was low (10.67 & 0.53 ug/g) and, compared to maceration,
statistically insignificant (p > 0.05).
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Figure 5. Influence of UAE treatment time and solvent concentration with acidic hydrolysis on the maximal extraction yield
of genistein and daidzein in extracts. @ p < 0.05 vs. maceration with 50% ethanol (MNE5); ® p < 0.05 vs. maceration with 70%
ethanol (MNE?). Sample codes and preparation conditions are displayed in Table 1.

During acidic hydrolysis, heating is required. Using hydrochloric acid, the samples
were hydrolyzed from glycosides to aglycones; however, in high temperatures, genistein
degrades [36]. Therefore, the heating in acidic conditions was too long, because no genistin
or genistein was found in the samples (Table 4). Chemical structure of isoflavones dictates
their stability under variable pH and temperature conditions. Genistein loss could be
due to either a complete degradation or a transformation into isoflavone derivative [37].
Relatively large amounts of daidzin, compared to MNE5 and MNE? samples, were found
in the samples UACE710, UACE730, UACE510 and UACES530 (Table 4), indicating that
the hydrolysis of these samples was not fully complete. Although no genistein remained
during hydrolysis, it was not sufficient for the complete conversion of daidzin to daidzein;
consequently, this method was not sufficient to obtain both aglycones.

Table 4. Isoflavone glycosides genistin and daidzin yields (ug/g) found in samples treated by
acid hydrolysis.

Sample Code Genistin, ug/g dw Daidzin, ug/g dw
UACE710 0.00 £ 0.00 221.37 £ 11.06
UACE730 0.00 £ 0.00 94.37 £ 4.71

MNE? 95.67 £4.78 0.00 + 0.00
UACE510 0.00 4+ 0.00 15.33 + 0.76
UACE530 0.00 % 0.00 43.80 +2.34

MNE5 95.40 +£4.77 0.00 + 0.00

In the research by Gikas et al., 2008, red clover extraction was proceeded using HCI,
but they did not perform neutralization [38]. Daidzein levels were similar, but genistein
levels were different. The extracted amount of genistein was not very high (0.11 mg/g),
but it did not degrade as in this experiment. The difference between these two experiments
were UAE use. Ultrasound was not used in the study described in the article, so it can be
speculated that a combination of ultrasound and heating in an acidic medium were too
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harsh for genistein extraction. The paper also suggested that later-harvested clover has
higher levels of daidzein and lower levels of genistein. This trend was also observed in
this study.

3.1.3. Aglycones Extraction Using UAE Method with Alkaline Hydrolysis

During alkaline hydrolysis extending sonication time genistein yields increased (Figure 4).
This tendency was also observed with daidzein when the solvent was 50% ethanol. Higher
amounts of aglycones were obtained during alkaline than acid hydrolysis. Alkaline hydrol-
ysis also yielded higher amounts of isoflavones than ultrasound alone. The sample that
contained the most isoflavones was UALE530 (196.30 & 9.8 and 173.10 + 8.6 ug/g genistein
and daidzein, respectively); it was significantly higher (p < 0.05) than when extracted using
maceration (Figure 6). Lower but similar results were found in the UALE510 sample (p < 0.05).
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Figure 6. Influence of UAE treatment time and solvent concentration with alkaline hydrolysis on the maximal extraction
yield of genistein and daidzein in extracts. ® p < 0.05 vs. maceration with 50% ethanol (MNE5); ® p < 0.05 vs. maceration
with 70% ethanol (MNE?). Sample codes and preparation conditions are displayed in Table 1.

Evaluating the results obtained by the UAE method with or without chemical hy-
drolysis, it was found that statistically significant amounts of aglycones are present in
the extracts when 50% concentration ethanol solvent is used. Therefore, only this ethanol
concentration was used in further samples.

3.1.4. Aglycones Extraction Using UAE, HRE, ME and ME with Natural Fermentation

In sample MFM (Figure 7), extracted using ME with natural fermentation, no daidzein
was detected, but a similar amount of genistein was found compared to other methods.
This method was performed at 25 & 2 °C, but the enzyme B-glucosidase that can be found
in the red clover grounded powder converts glucosides to aglycones and possesses the
highest activity at 45 °C. B-glucosidase is stable in high temperatures and does not denature
for a long time [39]. During natural hydrolysis, the temperature was not high enough for
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the enzymes to remove glucoside groups. In the literature, it was observed that not only
can enzymes break the glycosides down, but it can also be achieved using heat and the
reaction proceeds faster [40].

a
.
Daidzin
Genistin
= Genistein
= Daidzein
a
s i
i
i 3
i a
1
a

UTES10 UTES30 MNES MFM HNES

Sample codes

Figure 7. UAE treatment with thermal hydrolysis, HRE, ME and ME with natural hydrolysis on the maximal extraction yield
of genistein and daidzein in extracts. ? p < 0.05 vs. maceration with 50% ethanol (MNES5). Sample codes and preparation

conditions are displayed in Table 1.

Thermal hydrolysis with the UAE method gave the best results compared with the UAE
method without hydrolysis, with acidic or alkaline hydrolysis (Figure 7). Samples UTE510 and
UTES530 yielded statistically significant results (p < 0.05) compared to the maceration (MNES5) sam-
ple. Glycosides daidzin and genistin were also present in these samples (Figure 7). Increasing the
sonication time daidzein (from 393.23 & 19.66 (UTE510) to 415.07 + 20.75 (UTE530) ug/g) and
daidzin (26.00 £ 1.30 (UTE510) to 28.1 & 1.41 (UTE530) ug/g) amounts increased, but genistein
(from 171.57 + 8,57 (5.4) to 150.57 =+ 7.52 (6.4) ug/g) and genistin (from 121.60 + 6.08 (UTE510)
to 109.70 & 5.49 (UTE530) ug/g) decreased (Figure 7). The HRE method also yielded
the highest results (p < 0.05) for daidzein in sample HNES5 (432.30 £ 21.6 pg/g) com-
pared to all previous extraction methods and genistein did not degrade during heating
(154.5 £ 7.7 ug/g).

In the research by Booth, Overk, Yao, Totura, et al., 2006, genistein and daidzein
yields from red clover flower heads or aboveground parts extracts vary widely, but in very
small amounts [1]. Comparing the yields of these two studies, the ranges of daidzein and
genistein amounts obtained in this study are 10 times higher than the reported results. It
was also observed that the amounts of isoflavones depends not only on the method of
extraction, the growth stage of the plant or the part of the plant, but also on the growth
conditions (growth temperature, humidity, soil fertility). As a result, the yield ranges of
isoflavones can be very wide [3].

3.2. Selection of the Excipients

Excipients may improve the solubility of certain active substances in poorly water-
soluble drugs [41]. Therefore, it was decided to use excipients during the extractions and
to determine whether they could increase the yields of isoflavones. Most isoflavones were
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obtained using ultrasound (40 °C, 10 to 30 min, 50% ethanol) in combination with thermal
hydrolysis or using HRE alone. Therefore, these extraction conditions will be applied
using additional compounds to improve the solubility of isoflavones. Samples prepared
using UAE for 10 min (i.e., UTW10) or 30 min (i.e., UTW30) were combined with thermal
hydrolysis or only HRE (i.e., HNW) alone. Experiment was carried out using excipients
(1%) and purified water as a solvent (Figure 8).
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»  nwso [ -
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Figure 8. Quantitative yield of isoflavone aglycones using excipients (1%). Control samples with-
out excipients (HNW; UTW10; UTW30), samples with magnesium aluminometasilicate (HNEMO;
UTEMO10; UTEMO30), croscarmellose sodium (HNWCO; UHWCO10; UHWCO30), sodium car-
boxymethyl starch (HNWSO; UTWSO10; UTWSO30) and vinylpyrrolidone-vinyl acetate copolymer
(HNWVO; UTWVO10; UTWVO30). 2 p < 0.05 vs. HNW, ° p < 0.05 vs. UTW10, € p < 0.05 vs. UTW30.
Sample codes and preparation conditions are displayed in Table 2.

Excipients can be natural, synthetic or semisynthetic compounds that play a vital
part in pharmacological products [41]. Magnesium aluminometasilicate, croscarmellose
sodium, sodium carboxymethyl starch and vinylpyrrolidone-vinyl acetate copolymer as
excipients can improve the oral bioavailability of poorly water-soluble drugs by enhancing
the solubility and drug release [42]. The use of modern carriers with a large specific
surface area and high absorption capacity is a good way of incorporating higher doses
of water-insoluble or poorly soluble compounds into liquid—solid systems and increase
their bioavailability. The selected different excipients were expected to absorb isoflavones
during extraction and increase their final yields.

When purified water was used as a solvent with the excipient croscarmellose sodium,
sodium carboxymethyl starch or vinylpyrrolidone-vinyl acetate copolymer, the yield of
isoflavones significantly increased compared to the control samples (Figure 8). Glycosides,
daidzin and genistin were not obtained with the use of excipients. Excipient magnesium
aluminometasilicate reduced the amount of isoflavones, compared to controls, prepared
using the same conditions (Figure 8). In the literature, magnesium aluminometasilicate
increased essential oil yield and quantities of various compounds in it [23]. Therefore,
possibly, magnesium aluminometasilicate absorbed terpenes, but not isoflavones from red
clover extracts.

Using the excipients, statistically significant yields of aglycones were obtained with
1% vinylpyrrolidone-vinyl acetate copolymer. Using the HRE method, aglycones yields
found in HNWVO sample were 307.80 &+ 15.39 ug/g daidzein and 121.40 & 6.07 ug/g
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genistein (Figure 8). Isoflavones yields decreased using UAE with thermal hydrolysis, and
this correlation was observed in all the samples with excipients.

As the results show (Figure 8), lower amounts of isoflavones were obtained with
croscarmellose sodium and sodium carboxymethyl starch compared to vinylpyrrolidone-vinyl
acetate copolymer. Sodium carboxymethyl starch samples UTWSO10 (52.50 + 2.63 ug/g
genistein and 111.40 + 5.57 ug/g daidzein) and UTWSO30 (40.23 + 2.01 pg/g genistein
and 93.57 + 4.68 ug/g daidzein) showed statistically significant results compared to the
control samples, but the yields of aglycones was not as high as using vinylpyrrolidone-
vinyl acetate copolymer. Therefore, the use of excipients has great scope for improving the
methodology of isoflavones extraction.

3.3. Vinylpyrrolidone-Vinyl Acetate Copolymer Determination of the Optimal Concentration for
Higher Amounts of Aglycones Using Purified Water

When purified water is used as a solvent with an excipient vinylpyrrolidone-vinyl
acetate copolymer, the same amounts of isoflavones can be obtained as with 50% ethanol
under the same conditions. To test whether the yields of isoflavones obtained in water could
be increased, the amounts of excipient added to the extract were increased. It was decided
to use 1, 2.5 and 5% (v/w) vinylpyrrolidone-vinyl acetate copolymer for extractions.

After extractions with different amounts of vinylpyrrolidone-vinyl acetate copoly-
mer, all data obtained were statistically significant compared to controls (HNW; UTW10;
UTW30) (Figure 9). For this reason, the data was compared with the sample that yielded
the highest amounts of isoflavones in this study, which was a HNES sample prepared using
the HRE method.

L Daidzein

I H
" 1
100 . !
I f :
. i

HNWVO UTWVOI0 UTWVO30 HNWVT UTWVTI0 UTWVT30 HNWVF UTWVFI0 UTWVF30 HNW UTWI10  UTW30

Sample codes

Figure 9. Quantitative yield of isoflavone aglycones using different amounts (1, 2.5 and 5%) of vinylpyrrolidone-vinyl
acetate copolymer for extractions. Control samples without excipients (HNW; UTW10; UTW30), 1% of excipient (HNWVO;
UTWVO10; UTWVO30), 2.5% (HNWVT; UTWVT10; UTWVT30) and 5% (HNWVEF; UTWVF10; UTWVEF30). * p < 0.05 vs.
HNES sample prepared HRE method. Sample codes and preparation conditions are displayed in Table 2.

The best results were obtained with a sample using 5% excipient (Figure 9). The yields
of isoflavones obtained were higher than the best result obtained in the whole study, which
was previously determined in sample HNES5 (432.30 4 21.6 ug/g and 154.5 £ 7.7 ug/g
daidzein and genistein, respectively) (Figure 7). However, HNE5 sample was prepared
using 50% ethanol, not purified water. The results were statistically significant when
comparing with HNE5 sample in the HNWVF (626.10 + 31.35 pug/g and 175.56 + 8.7 ug/g
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00

daidzein and genistein, respectively) (Figure 9). In the UTWVF10 sample, only the amount
of daidzein was statistically significant (480.36 + 24.01 ug/g and 147.23 & 7.36 ug/g
daidzein and genistein, respectively). Increasing the amounts of excipient, the solubility of
the resulting isoflavones in the aqueous solvent increases. This could create an opportunity
to use cheaper, safer solvents (such as purified water), but obtain the same amounts of
isoflavones as using expensive solvents without excipients. Therefore, it would still be
possible to try to increase the excipient concentrations in water and to set a maximum
concentration at which maximum levels of aglycones could be obtained; this could be a
future goal for further research.

3.4. Vinylpyrrolidone-Vinyl Acetate Copolymer Use with Ethanol

High concentrations of isoflavone aglycones were obtained using 5% vinylpyrrolidone-
vinyl acetate copolymer in water extracts. Comparing the control samples PDV1-3 pro-
duced in water under the same conditions as HNE5, UTE510 and UTE530 using 50%
ethanol, it was found that the samples obtained in water had statistically lower values
(Figure 10). Therefore, due to the use of excipients with water, we decided to determine the
amounts of isoflavones under the same conditions as 50% ethanol and 1% vinylpyrrolidone-
vinyl acetate copolymer.

abc
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=
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Figure 10. Quantitative yield of isoflavone aglycones using 1 of vinylpyrrolidone-vinyl acetate copolymer for extractions
in 50% ethanol. Control samples without excipients (HNE5; UTE510; UTE530), 1% of excipient (HNEVO; UTEVO10;
UTEVO30), @ p < 0.05 vs. HNE5 sample; ® p < 0.05 vs. UTE510, € p < 0.05 vs. UTE530. Sample codes and preparation
conditions are displayed in Table 2.

As shown in Figure 10, no isoflavones glycosides were found in the aqueous extracts.
Though, using 50% ethanol as a solvent in the extracts, both genistin and daidzin were
detected (Figure 10). Daidzein yields in all three samples with vinylpyrrolidone-vinyl
acetate copolymer (HNEVO; UTEVO10; UTEVO30) in ethanol were statistically significant
when comparing them with controls. UTEVOI10 contained the highest daidzein yield
in this study—=820.50 + 41.02 ug/g. Genistein yields were lower, but the HNEVO and
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UTEVO30 sample results were statistically significant compared to the control sample
HNES (Figure 10). Samples prepared with excipient and ethanol had higher levels of
isoflavones, both aglycones and glycosides. As mentioned before, samples prepared in
water with the excipient showed similar yields of isoflavones as the samples prepared under
the same conditions with ethanol, but without excipients. Although 50% ethanol increased
the amount of daidzein compared to the 5% excipient used in water (Figure 9), there was
no significant increase in genistein levels. Therefore, the use of excipient vinylpyrrolidone-
vinyl acetate copolymer in ethanol mainly yielded glycosides (Figure 10) and aglycone
daidzein from plant material.

4. Conclusions

After applying different extraction methods and hydrolysis, it was determined that,
using UAE with optimal conditions (processing 10 or 30 min combined with thermal
hydrolysis) and the HRE method, the highest extractions of isoflavones were obtained
in samples UTE510 (393.23 + 19.66 ug/g daidzein and 171.57 + 8.58 ug/g genistein),
UTE530 (415.07 £ 20.75 ug/g daidzein and 150.57 + 7.53 ug/g genistein) and HNE5
(432.30 & 21.61 ug/g daidzein and 154.50 + 7.72 ug/g genistein). These conditions were
used with excipients.

In this work, the use of different excipients during the extractions was performed as
an effective strategy to enhance isoflavones yield in red clover extracts. This is the first
study reporting the ability of the vinylpyrrolidone-vinyl acetate copolymer to promote
solubilization and availability of active compounds from a herbal extract, resulting in
enhanced isoflavones yield. Using 1% vinylpyrrolidone-vinyl acetate copolymer (HNWVO
sample, 307.80 & 15.39 ug/g and 121.40 + 6.07 ug/g daidzein and genistein, respectively)
in the production of copolymer extracts using water as solvent, it was determined that the
amounts of genistein obtained were similar as using 50% ethanol as solvent. Increasing
the amount of this excipient to 5%, isoflavone yield further increased (HNWVF sample) to
626.10 + 31.35 pg/g daidzein and 175.56 + 8.7 ug/g genistein. The results of the present
study showing increased solubility and availability provided by the vinylpyrrolidone-vinyl
acetate copolymer suggest that this preparation could in principle also reduce variability
due to limited water solubility of isoflavones. By changing the solvent to 50% ethanol,
the highest statistically significant yields of isoflavones in this study were obtained in the
sample UTEVO10 820.50 + 41.02 and 144 + 7.22 ug/g daidzein and genistein, respectively.

The resulting isoflavone-rich extracts could be used in the production of various pharma-
ceutical forms, as recent studies suggest, with a possible preventive role in breast and prostate
cancer, improvement of cardiovascular health or benefits related to menopausal problems.
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Abstract: Red clover is the subject of numerous studies because of its antioxidant properties, the
positive influence of isoflavones on the health, and its potential use in the prevention and treatment
of chronic diseases. The right excipients, such as cyclodextrins, can increase the profile of valuable
phenolic compounds in extraction media to obtain rich in antioxidants, extracts that can be used in
nutraceuticals production. The aim of this study was to investigate and compare the total phenolic
content, flavonoid content, and antioxidant activity of red clover aerial parts, aqueous and ethanolic
extracts prepared using traditional and cyclodextrins-assisted methods. The antioxidant activity
of the extracts was established using ABTS, DPPH, FRAP, and ABTS-post column methods. It
was determined that cyclodextrins significantly increased total phenolic content (compared with
control)—using B-cyclodextrin 20.29% (in aqueous samples); y-cyclodextrin 22.26% (in ethanolic
samples). All the samples prepared with excipients demonstrated a strong relationship between total
phenolic content and DPPH assay. Study showed that for extraction with water, the highest amounts
of phenolic compounds, flavonoids and antioxidant activity will be achieved with B-cyclodextrin, but
extractions with ethanol will give the best results with y-cyclodextrin. Therefore, cyclodextrins are a
great and safe tool for obtaining rich, red clover flower extracts that are high in antioxidant activity,
which can be used in the pharmaceutical industry for nutraceuticals production.

Keywords: red clover; cyclodextrins; antioxidants; polyphenols; oxidative stress

1. Introduction

Red clover (Trifolium pratense L.) has high concentrations of phenolic compounds,
especially isoflavonoids, which are largely distributed in the Leguminosae family [1]. Its
extracts are rich in phenolic compounds such as flavonoids, phenolic acids, clovamides,
and saponins [2]. Scientific research determined, that red clover extracts consists of 35.54%
isoflavones, 1.11% other flavonoids, 0.06% pterocarpans, <0.03% coumarins, and <0.03%
tyramine [3]. Flavonoids are an important class of phenolic compounds that includes
flavones, flavonols, and isoflavones, all characterized by a phenylbenzopyran moiety [4].
Isoflavones are a group of flavonoids typical of some legume species only. They exhibit
estrogenic activity and represent the main phytoestrogens of current interest as nutraceu-
ticals and dietary supplements. An antioxidant activity of possible physiological rele-
vance was also reported for isoflavones such as genistein and daidzein [5-8]. The role of
flavonoids (isoflavones) and other phenolic compounds as protective dietary constituents,
with their estrogenic, antimicrobial, anti-inflammatory, antiallergenic, and antitumor ac-
tivities, have become an increasingly important area of research. These compounds are
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useful in nutraceuticals, cosmetics, medicine, and food additives, or used in the agri-food
industry [9-11].

Phenolic compounds, including flavonoids, are antioxidants due to their ability to
scavenge and/or reduce high-energy radicals. It is confirmed that total phenolic content
correlates with antioxidant activity [12,13]. The antioxidant activity of phenolic compounds
is mainly due to their redox properties, which can play an important role in neutralizing
free radicals. Antioxidant properties stand to be a valuable mechanism of beneficial activity
of plant-derived compounds and extracts [14-18].

There are numerous articles confirming antioxidant activity of Trifolium pratense L.
The results of research suggested the great value of flowers and leaves of Trifolium species
for their use in phytotherapy, due to their content of polyphenols responsible for the
antioxidant activities; phenols in plants can also act as deterrents against herbivores, as
antiviral and antimicrobial factors and photoprotectants against UV irradiation [19-21].
Using the right extraction method more phenolic compounds can be extracted, therefore,
the antioxidant activity can be increased. Additional materials, such as excipients, may be
used to extract insoluble polyphenols such as daidzein and genistein as well as enrich the
extract with biologically active compounds [22].

The initial selection of herbal compounds possessing the antioxidant effects is car-
ried out by in vitro methods. Spectrophotometric methods are widely applied [23-26].
They determine total amount of antioxidants and evaluate the total antioxidant activity
in the researched complex samples. Most popular methods are scavenging 2,2-diphenyl-
1-picrylhydrazyl (DPPHe) and/or 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTSe+) free radicals [27]. The most reliable and comprehensive evaluation of the radical-
scavenging capacities of plant materials is possible only through the validation of highly
efficient analytical methods. One highly promising method for the investigation of an-
tioxidant activity is the HPLC post-column assay with various derivatization techniques.
These methods exclude the interactional effects of compounds as the detection occurs with
separated analytes. Most post-column assays use DPPH and ABTS radicals [28,29].

Excipients play important role in dosage form. These compounds are added to the
formulation along with pharmacologically active substance. Almost all drug dosage forms
include excipient to guarantee the dosage, stability, and bioavailability [30]. Cyclodextrins
(CDs) can be suitable as excipients in excipient-assisted extraction [31]. It is generally
accepted that CDs can form inclusion complex in aqueous solution where a lipophilic guest
molecule or moiety locates in the inner cavity [32]. Due to this special property, CDs have
been used extensively in pharmaceutical research; CDs can address solubility, stability, and
bioavailability issues in a manner not possible with other inactive ingredients. CDs can
also, for example, be used to convert liquid drugs into microcrystalline powders, prevent
drug-drug or drug additive interactions, reduce or eliminate unpleasant taste and smell,
and improve shelf-lives. The most common cyclodextrins are a-CD, -CD, and -CD,
which consist of six, seven, and eight glucopyranose units, respectively [33-35].

To our knowledge, this is the first article describing the effect of CDs on the antioxidant
activity of red clover flowers extracts. Therefore, the aim of the study was to investigate and
compare total phenolic content and antioxidant activity of red clover aerial parts extracts
prepared using traditional methods and using CDs as excipients. We also seek to examine
the effects of excipients on total flavonoids content.

2. Materials and Methods
2.1. Plant Material and Reagents

Red clover samples were collected in red clover fields in Lai¢iai, Kupiskis district,
Lithuania (latitude 55°53024.2” N; longitude 25°19036.0” E). The collections of flower buds
and flowers were made on the 26 September 2020. Samples were dried and stored at room
temperature. Before use, clover flowers were ground to a fine powder using an Ultra
Centrifugal Mill ZM 200 (Retsch, Haan, Germany). Grinding was performed at 4025 g
using a 0.5 mm trapezoid hole sieve.
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Purified water was prepared with GFL2004 (GFL, Burgwedelis, Germany). Deionized
water was prepared with Milipore, SimPak 1 (Merck, Darmstadt, Germany). The following
reagents were used: 2,2/ -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,4,6-
Tris(2-pyridyl)-s-triazine (TPTZ), aluminium chloride, hexaethylenetetraamine, acetic acid
obtained from Sigma-Aldrich (Buchs, Switzerland); potassium persulfate from Alfa Ae-
sar (Karlsruhe, Germany); monosodium phosphate, ferrous sulfate heptahydrate, saline
phosphate buffer and hydrogen peroxide from Sigma Aldrich (Schnelldorf, Germany);
disodium hydrogen phosphate obtained from Merck (Darmstadt, Germany); 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH) and a-, -, and y-CDs purchased from Sigma Aldrich
(Hamburg, Germany); ethanol (96%) (Vilniaus Degtine, Vilniaus, Lithuania).

2.2. Extracts Preparation

The raw material of red clover aerial parts was ground, and the moisture content of
the milled red clover flowers was determined using a KERN MLB apparatus (KERN &
Sohn GmbH, Balingen, Germany). The production of extracts was performed as described
by Kazlauskaite et al. [22].

Heat-Reflux Extraction (HRE) was performed by using 0.3 & 0.001 g of dried and
milled flower heads. Plant material was mixed with 10 mL of solvent (50% ethanol v/v
or purified water) in a round bottom flask and refluxed in a sand bath at 100 °C for 1 h.
After reflux, the sample was left to cool down at a temperature of 25 £ 2 °C. After cooling
down, the sample was centrifuged with Sigma 3-18K centrifuge (Sigma, Osterode am Harz,
Germany) for 10 min at 3382x g, followed by the decantation of the supernatant. The
extract was filtered through PVDF syringe filters (pore size 0.22 pm).

Ultrasound-assisted extraction with thermal hydrolysis (UAE) was performed using
an ultrasound bath (frequency 38 kHz) (Grant Instruments™ XUB12 Digital, Cambridge,
England). The extraction was performed by using 0.3 £ 0.001 g dried and milled flower
heads. Plant material was macerated in 10 mL of solvent, and the extraction of isoflavones
using ultrasound was performed by employing different conditions: solvent (50% v/v
ethanol and purified water) and extraction time (10 or 30 min), with the processing temper-
ature of 40 £ 2 °C (the temperature is regulated automatically by the ultrasonic bath). After
ultrasound processing the mixture was prepared for thermal hydrolysis. The sample was
transferred to a 250 mL round bottom flask. It was refluxed in a sand bath at 100 °C for 1 h.
After the procedure, the mixture was left to cool down and then centrifuged for 10 min at
3382x g, followed by the decantation of the supernatant. The extracts were filtered through
PVDEF syringe filters (pore size 0.22 um, Frisenette, Knebel, Denmark).

Some of the samples were prepared with excipients: a-, B-, or 7-CDs. The extracts
were made under the same conditions as previously listed (HRE or UAE). Purified water
or 50% ethanol (v/v) was used as the solvent (10 mL), and the excipient (0.1 £ 0.001 g) was
added to the extraction mixture with plant material (0.3 & 0.001 g). CD concentrations in
the sample was 1% (w/v). The excipient amount was based on the quantity of solvent in the
extract. The samples were centrifuged for 10 min at 3382 x g, followed by the decantation
of the supernatant. After that, the extracts were filtered through PVDF syringe filters (pore
size 0.22 um).

A list of samples prepared using different conditions and excipients is given in Table 1.
For easier comprehension samples codes are based on their preparation conditions and
decoding is shown in Figure 1.
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Table 1. Samples list and preparation conditions.

Sample Name * Method Solvent Excipients

AW1 Reflux (1) water «-CD
Ultrasound (10 min)

AW2 combined with reflux (2) water a-CD
Ultrasound (30 min)

AWS combined with reflux (3) water o-CD

AE1 Reflux (1) ethanol «-CD
Ultrasound (10 min)

AE2 combined with reflux (2) ethanol o-CD
Ultrasound (30 min)

AES combined with reflux (3) ethanol a-CD

BW1 Reflux (1) water B-CD
Ultrasound (10 min)

Bw2 combined with reflux (2) water p-CD
Ultrasound (30 min)

Bw3 combined with reflux (3) water B-CD

BE1 Reflux (1) ethanol B-CD
Ultrasound (10 min)

BE2 combined with reflux (2) ethanol p-CD
Ultrasound (30 min)

BE3 combined with reflux (3) ethanol p-CD

GW1 Reflux (1) water v-CD
Ultrasound (10 min)

w2 combined with reflux (2) water 7-CD
Ultrasound (30 min)

Gws combined with reflux (3) water 7CD

GE1 Reflux (1) ethanol 7-CD
Ultrasound (10 min)

GE2 combined with reflux (2) ethanol 7CD

GE3 Ultrasound (30 min) ethanol 2-CD

combined with reflux (3)
W1 Reflux (1) water -
w2 Ultrasound (10 min)
combined with reflux (2)
w3 Ultrasound (30 min)
combined with reflux (3)
El Reflux (1) ethanol -
B2 Ultrasound (10 min)
combined with reflux (2)
Ultrasound (30 min)
combined with reflux (3)
*1-3 means different conditions for sample preparation: (1) reflux; (2) ultrasound (10 min) combined with reflux;
(3) ultrasound (30 min) combined with reflux (3).

water -

water -

ethanol -

E3 ethanol -

Excipient Method number:

(Reflux (1);
ultrasound (10)+reflux (2);
ultrasound (30)+reflux (3))

Solvent
(Water (W);
Ethanol(E))

(a- cyclodextrin (A);
B- cyclodextrin(B);

E -cyclodextrin (G))

Figure 1. Sample codes generation scheme. If the excipient was not used in the preparation of the
sample, the letter of excipient will be skipped, and the code will start from the solvent letter.

2.3. Determination of Total Phenolic Content

The content of total phenolic compounds in red clover samples was determined by
using a slightly modified Saviranta et al. method [36], so 0.5 mL of extract was mixed with
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2.5 mL of 1:9 diluted Folin—Ciocalteu’s phenol reagent and 2.0 mL of 7% (w/v) sodium
carbonate. Absorbance was measured at 765 nm after 1 h using a spectrophotometer
(Shimadzu UV-1800, Kyoto, Japan). The calibration curve was obtained with a gallic acid
(0-0.1 mg/g; y = 11.108; R? = 0.9981). The results were expressed as gallic acid equivalent
per gram dry weight (mg GA/g dw).

2.4. Determination of Total Flavonoid Content

Analysis of total amount of flavonoids in extracts was performed by UV spectropho-
tometry, based on complexation of phenolic compounds with Al(III), as described in Ur-
bonavitiute et al. with some modifications [37]. Accordingly, 0.1 mL of red clover aerial part
extract was added to 1.0 mL 96% (v/v) of ethanol, 0.05 mL of 33% acetic acid, 0.15 mL 10%
aluminium chloride, and 2.0 mL 5% hexaethylenetetraamine solutions. Spectrophotometric
analysis was performed after 30 min at 475 nm wavelength using aspectrophotometer (Shi-
madzu UV-1800, Kyoto, Japan). The results were expressed as rutin equivalent per gram dry
weight (RE/g dw) and calculated by the following formula: TFC = C x Ve x F/M, where
TEC is the total flavonoid content, mg RE/g dw; C is the concentration of the used standard,
mg/L; Ve is the volume of the used solvent, L; F is the dilution coefficient of the sample; and
M is the mass of the sample, g. The calibration curve was obtained with a rutin (0-0.5 mg/g;
y = 5.0867; R? = 0.9985). The results were expressed as rutin equivalent per gram dry weight
(RU/g dw).

2.5. Antioxidant Activity
2.5.1. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was prepared by mixing 0.3 M acetate buffer, 10 mM TPTZ solution
with 40 mM HCl and 20 mM ferric chloride solution. Then, 10 uL of sample was mixed
with 200 uL of FRAP reagent; the contents were mixed vigorously. The absorption was
measured at 593 nm using spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The
calibration curve was obtained with a ferrous sulfate (0-1 mg/g; y = 2.6272; R? = 0.9985).
The results were expressed as ferrous sulfate equivalent per gram dry weight (FE(II) /g dw)

2.5.2. ABTS Radical Scavenging Activity Assay

The ABTS radical was generated through the oxidation of ABTS with potassium
persulfate. Aqueous ABTS solution (7 mM) was mixed with potassium persulfate (2.45 mM)
solution and stored in the dark for 12-16 h to produce a dark-colored solution containing
ABTS radical cation. Before use, the ABTS radical cation was diluted with water with an
initial absorbance of about 0.90 (£0.02) at 734 nm using spectrophotometer (Shimadzu
UV-1800, Kyoto, Japan). Free radical scavenging activity was evaluated by mixing 2.0 mL of
ABTS working standard with 200 pL of test sample in cuvette. The samples ware incubated
in the dark at room temperature for 30 min. The calibration curve was obtained with a
trolox (0-0.5 mg/g; y = 0.0001728x; R? = 0.9832). The results were expressed as trolox
equivalent per gram dry weight (TE/g dw) [38].

2.5.3. DPPH Radical Scavenging Activity Assay

Here, 2.0 mL of DPPH solution (0.1 mM, in ethanol) was blended with 2.0 mL of the
samples. The reaction mixture was shaken and incubated in the dark at room temperature
for 30 min, and the absorbance was read at 517 nm against the blank using spectrophotome-
ter (Shimadzu UV-1800, Kyoto, Japan). The calibration curve was obtained with a trolox
(0-0.016 mg/g; y = 0.00623x; R? = 0.9923). The results were expressed as trolox equivalent
per gram dry weight (TE/g dw) [39].

2.6. ABTS Post-Column Antioxidant Assay

The HPLC post-column method using ABTS reagent was carried out according to
Marksa et al. [29].
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The samples were introduced into the HPLC detection system, the mobile phase with
test sample passes through the reaction loop into the mixing tee, where a 0.5 mL/min ABTS
reagent solution is supplied simultaneously via a Gilson pump 305 (Middleton, WI, USA).
The HPLC-ABTS system uses a 3 m (inner diameter 0.25 mm, outer diameter 1.58 mm)
reaction loop, which was thermostated at 50 °C. Reaction of antioxidants with ABTS re-
sulted in a color change of the reagent as determined using a Waters 2487 UV / VIS detector
(Waters Corporation). Detection of test solutions was performed at a wavelength of 650 nm.
Signal strength is expressed as peaks of negative active compounds. The antioxidant
activity of the extract compounds was evaluated by the post-column method according
to the equivalent of the trolox standard. Calibration curves were prepared using trolox
ethanol solution. An ACE 5 C18 250 x 4.6 mm column (Advanced Chromatography Tech-
nologies, Aberdeen, Scotland) was used. The mobile phase consisted of solvent A (acetic
acid/methanol/deionized water) (1:10:89 v/v/v) and solvent B (acetic acid/methanol)
(1:99 v/v/v). The linear gradient elution profile was as follows: 80% A /20% B at 0 min; 30%
A/70% B at 30 min; 90% A /10% B at 39 to 40 min. The flow rate was 1 mL/min, and the
injection volume was 10 uL. Calibration curve was prepared from a trolox ethanol solution
at five dilutions in the range of 8.359-133.750 pg/mL, R? = 0.999565 (Figure 2).

Calibration Plot

Figure 2. Trolox calibration curve.

2.7. LC-MS Qualitative Analysis

After performing reversed-phase liquid chromatographic (RP-LC) separation, the
detailed qualitative profiling of red clover extract was carried out using electrospray (ESI)
ionization (in negative and positive mode) followed by the mass spectrometric (MS) analy-
sis. The LC/MS system was composed of a Shimadzu Nexera X2 LC-30AD HPLC system
(Shimadzu, Tokyo, Japan) equipped with a LCMS-2020 mass spectrometer (Shimadzu,
Tokyo, Japan).

The chromatographic separation was performed on a YMC-Triart C18 (YMC Karasuma-
Gojo, Kyoto, Japan) (150 mm x 3.0 mm, 3 um) analytical column, column temperature 40 °C.
The mobile phase A consisted of 0.1% formic acid in water, and mobile phase B consisted of
0.1% formic acid in acetonitrile. For each clover sample, 10 uL aliquots volumes were injected
onto the chromatographic column. HPLC was run at 0.4 mL/min flow. The optimum ESI
conditions were set as 350 °C for interface temperature, 250 °C for DL temperature, 400 °C
for heat block temperature, 1.5 L/min for nebulizing gas flow, and 10 L/min for drying gas
flow. Positive ion and negative ion measurements are performed while switching alternately
between positive and negative ionization modes. The 11/z ranges for positive and negative
modes were 50-1000, scan speed 15,000 u/s, and 0.1 m/z steps.

Compounds present in the sample were identified by comparing the mass spectra ob-
tained with both the literature data and mechanisms presented in freely available databases.
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2.8. Statistical Data Analysis

Data were analysed using SSPS version 20.0 (IBM Corporation, Armonk, NY, USA).
All experiments were performed in triplicate. Data are expressed as mean + standard
deviation (S.D.). The comparisons between three different measurements were made using
Friedman and Wilcoxon tests. Comparisons between the two groups were made by the
Mann-Whitney U test. Correlation and regression coefficients were performed using the
Spearman test. The results were considered statistically significant at p < 0.05.

3. Results and Discussion
3.1. The Influence of Excipients on the Total Amount of Phenolic Compounds and
Flavonoids Content

There is very little information on the total phenolic and flavonoid compounds in the
flower extracts of Trifolium pratense L. Extracts of red clover leaves have been studied the
most, as they were thought to contain the highest amounts of isoflavones, which makes
clover very valuable [40-42]. However, further research has shown that clover flowers also
contain significant amounts of isoflavones [43—-45]. In the previous research, the optimal
extraction conditions were determined to conceive high isoflavones daidzein and genistein
yields from red clover aerial parts [22]. In this study, these conditions were used to study
the effects of CDs on total phenolic compounds, flavonoids content, and antioxidant activity
in Trifolium pratense L. flowers extracts.

Antioxidants, including phenolic compounds (e.g., flavonoids, phenolic acids), have
diverse biological effects. The antioxidant extracts were evaluated in terms of their total
phenols and total flavonoids. Being plant secondary metabolites, polyphenols are very
important judging from the virtue of their antioxidant activities by chelating redox-active
metal ions, inactivating lipid free radical chains and avoiding the hydroperoxide conver-
sions into reactive oxyradicals [2].

The total phenolic contents in samples of the extracts, expressed as gallic acid equiva-
lents, varied from 44.78 4 0.92 (BW1) to 32.31 + 0.63 (BW3) mg GA/g dw when the solvent
was water (Figure 3), and 54.12 + 0.46 (GE3) to 34.38 + 0.63 (AE2) mg GA/g dw when
the solvent was 50% (v/v) ethanol (Figure 4). Most of the samples that were prepared
with excipients, despite the solvent used, had illustrated higher total content of phenolic
compounds compared with control samples prepared without CDs (p < 0.05).
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Samples codes
Figure 3. Total phenolic content in red clover flowers extracts with excipients using water as a solvent.
Results are mean values (n = 3). 2 p < 0.05 vs. W1;? p < 0.05 vs. W2; € p < 0.05 vs. W3. Samples codes
are provided in Table 1.
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Figure 4. Total phenolic content in red clover extracts with 50% ethanol (v/v) as a solvent (n = 3).

Results are mean values (n = 3). 2 p < 0.05 vs. E1; p < 0.05 vs. E2;  p < 0.05 vs. E3. Samples codes
are provided in Table 1.

Using water as a solvent the highest phenolic compound content was in sample
BWI1 (44.78 £ 0.92 mg GA/g dw), very similar amount was detected in sample AW1
(41.82 + 1.51), that was prepared using same conditions as BW1 (Figure 3). The results
showed that when using excipients in aqueous extractions, phenolic compound content
increased significantly (p < 0.05) compared to that of control samples. Using a- or f-CDs,
the most effective extraction method for phenolic compound extraction was reflux but
combining it with ultrasound decreased phenolic compounds yield. Using v-CD as an
excipient and combining ultrasound processing with reflux was most effective, but the yield
of total phenolic content obtained was lower than using a- or f-CDs (Figure 3). There were
three samples (BW3; GW1; GW3) that were not significantly higher than control sample W1.
This may have been since reflux alone was not sufficient with -CD, but the GW2 sample
after sonication showed good results. Therefore, using sonication increases the phenolic
compounds content, but by prolonging it from 10 to 30 min the amount of compounds
decreases. The hypothesis can be made that using ultrasound for a longer period causes
degradation of the phenolic compounds in the extract. This case was observed not only
with - but also with -CDs samples in water (BW3; GW3).

A lot of information can be found on the effect of solvent on the extraction of antiox-
idant phenolic compounds from different raw materials. The results of control samples
(W1-3 and E1-3), that were prepared using the same conditions, but different solvents
(water and 50% ethanol (v/v)) show that more phenolic compounds are recovered from
red clover blossoms using ethanol as solvent. However, using water and CDs as excipients
in the extraction increases the total amount of phenolic compounds. The use of CDs in an
aqueous solution as extraction media is considered to be a green extraction since water
is the main solvent and the existence of CD hydrophobic cavity boosts the extraction of
phenolic compounds due to the formation of the inclusion complex [22].

Using 50% ethanol (v/v) as the solvent with excipients, it was determined that the highest
content of phenolic compounds was found in the sample GE3 (54.11 4 0.45 mg GA /g dw)
(Figure 4). 7-CD was the most effective excipient used in ethanol compared to the results
obtained from samples with a- and -CDs. The best results for f-CD in ethanol were obtained
using the same conditions as with water; the total amount of phenolic compounds was
50.11 £ 0,79 mg GA/g dw (BE1). Using ethanol with «-CD the best results was acquired
employing ultrasound processing for 30 min and thermal hydrolysis—48.46 4 0.80 mg GA/g
dw (AE3).
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All the results, except AE1, AE2, and BE2, were statistically significantly higher
(p < 0.05) compared to the control samples. In ethanol, using «-CD and reflux or reflux
combined with ultrasound processing for 10 min results decreased and had the opposite
effect compared to a-CD samples prepared in water. However, increasing ultrasound-
processing time to 30 min the total phenolic content increased. A similar case has been
observed with B-CD as well. 7-CD in ethanol had the best extraction properties compared
to other CDs.

Comparing total phenolic content results obtained from samples with different sol-
vents (water and 50% ethanol (v/v)), it was observed that some of the aqueous test samples,
prepared using an excipients-assisted method, showed higher total phenolic compounds
content than ethanol samples with the same excipients. Aqueous samples obtained using
- or B-CDs excipients, sonicated for 30 min and then hydrolysed in high temperature,
extracted more phenolic compounds than 50% ethanol. In addition, 6.17% more phenolic
compounds were found in sample AW2 than in AE2 and in BW2—4.21% more than in
BE2. The largest difference that was observed in this study was between samples GE3 and
GW3—37.80%, but in this case ethanolic sample GE3 was higher than aqueous GW3.

The content of total flavonoids ranged from 21.74 £ 0.12 to 17.95 & 0.08 mg RU/g
dw using excipients and water as a solvent. Using excipients and ethanol as a solvent,
the total flavonoids content ranged from 21.18 to 20.82 mg RU/g dw (Table 2). The
total flavonoid content results were entirely synchronous with those of the total phenolic
content. It was successfully shown that samples with a high level of phenolic content also
contain flavonoids in a great amount. Plants rich in flavonoids can be a good source of
antioxidants to help increase the body’s overall antioxidant capacity and prevent it from
lipid peroxidation [46].

Table 2. Flavonoid content (mg RU/g dw) of Trifolium pratense L. flowers.

Samples Codes * Total Flavonoid Content (mg RU/g dw) **
w1 18.17 £ 0.67
w2 18,51 + 0.67
W3 19.00 + 0.39

AW1 20.35 + 0.17 ¥be
AW2 20.57 4 0.18 @b
AW3 20.57 + 0.24 ¥be
BW1 21.07 4 0.20 @b
BW2 21.74 + 0.12 2be
BWS3 21.47 4 0.23 2b<
GW1 19.56 +0.102
GW2 18.42 +0.382
GW3 17.95 + 0.28
E1 20.51 + 0.39
E2 21.16 £ 0.18
E3 19.81 + 0.27
AE1 21.13 £ 0.13 9f
AE2 21.18 + 0.24 4f
AE3 20.98 + 0.28 £
BE1 21.11 + 0.28 4f
BE2 20.82+0.16 f
BE3 20.84 +0.38 f
GE1 20.93 +0.23 4f
GE2 2091 + 0.31 4f
GE3 21.09 4 0.19 9f

* Samples codes are provided in Table 1. ** Results are mean values (n = 3); the + values relative standard
deviations SD. 2 p < 0.05 vs. W1; b p <0.05vs. W2; € p <0.05vs. W3; d p<0.05vs. E1; f p <0.05 vs. E3. The control
in water is compared only with samples prepared in water. Moreover, controls prepared in ethanol are compared
only with ethanol samples.
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Samples AW1-3 and BW1-3 were significantly higher (p < 0.05) compared to all control
samples W1-3. GW1-2 was statistically significantly higher only compared to control
sample W1. Highest total flavonoid content was found in aqueous samples BW1 and BW3,
which were prepared using B-CD (21.74 + 0.12 and 21.47 £ 0.23 mg RU/g dw, respectively).
The lowest flavonoids yields were detected in samples prepared with -CD. Using ethanol
as a solvent, the highest flavonoid content was found in AE2 (21.18 4 0.24 mg RU/g dw).
Similar quantities of flavonoids were observed in AE1 (21.13 £ 0.13 mg RU/g dw), BE1
(21.11 £ 0.28 mg RU/g dw), and GE3 (21.09 £ 0.19 mg RU/g dw) samples.

Biljana Kaurinovic et al. determined flavonoids content in red clover using water or
ethanol was much lower comparing with the results obtained in this study [24]. However,
as in our study, it was found that the use of water gives a similar yield of flavonoids as the
use of ethanol.

Comparing samples in water and ethanol using CDs as excipients, reverse correlation
was discovered between 7- and B-CDs depending on the solvent used.

Using 7-CD in water yielded lower amounts of flavonoids than under the same
conditions in ethanol. The use of 8-CD in water gave significantly better results than its
use in ethanol. Thus, B-CD helps to extract flavonoids in water. Solvents impact to a-CD
was hardly noticed, but more flavonoids were extracted in ethanol with this excipient. The
different effects of CDs in complex formation in different solvents are shown in Figure 5.
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Figure 5. Comparison of the effect of excipients on the concentration of phenolic compounds using
different solvents (water or 50% ethanol).

3.2. Antioxidant Activity

The antioxidant potential of red clover flowers extract with CDs as excipients in
extraction media was investigated by using different antioxidant activity methods: the
ABTS and DPPH methods as well as the ferric reducing antioxidant power (FRAP) test. It
is strongly recommended to use a broad spectrum of methods, given that plant extracts
contain many different classes and types of antioxidants. The phytochemical composition
of extracts is affected by the extraction conditions, and, in our case excipients (CDs), which
strongly influence the antioxidant effects [47—49].

3.2.1. DPPH Radical Scavenging Activity

In several studies, it has been reported that inclusion complex formation increases
antioxidant capacity [49,50]. The presence of a guest molecule in a CD molecule results
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in increased electron density, resulting in a greater likelihood that the guest molecule will
release protons as radicals to quench the DPPH radical [50].

A DPPH scavenging activity was expressed as ug/g as trolox equivalent. DPPH
discoloration, and a higher value signifies a higher antioxidant potential. In this re-
search, significant differences (p < 0.05) between the antioxidant activities among the
aqueous red clover samples with excipients and control samples were found (Figure 6).
The DPPH radical scavenging in the tested aqueous samples varied from 9.75 £ 0.59 (GW1)
to 11.52 4 0.12 (BW1) ug TE/g dw.
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Figure 6. DPPH radical scavenging activity of aqueous red clover blossom extracts with excipients.

Results are mean values (n = 3).  p < 0.05 vs. W1;® p < 0.05 vs. W2; € p < 0.05 vs. W3. Samples codes
are provided in Table 1.

Only three samples (BW3, GW1 and GW3) did not have statistically higher antioxidant
activity than control W1. The samples that contained highest total phenolic content had the
strongest antioxidant activity using DPPH method. Therefore, CDs increase the quantity
and/or concentration of phenolic compounds, which have strong antioxidant properties.

By using the DPPH assay on extracts prepared with 50% ethanol (v/v), CDs demon-
strated the greatest radical scavenging activity—12.55 4 0.59 ug TE/g dw in the sample
GE2 and 12.45 + 0.78 ug TE/g dw in the sample GE3 (Figure 7). These results are in
good agreement with the phenolic and flavonoid contents in Figure 4 and Table 2. Using
«-CD in the ethanolic red clover flowers extract antioxidant activity was weaker compared
to extracts where B- or 7-CDs were used. Samples AE1 and AE2 were only significantly
higher (p < 0.05) compared to the E3 control sample. Prolonging ultrasound from 10-30 min
increased antioxidant activity in the AE3 sample that was statistically higher compered to
E2 and E3 control samples.

Previous studies that used concentrated ethanol as a solvent reported that red clover
extract in DPPH assay gave a value at 3.7 ug TE/g [51]. The results obtained in this study
were significantly higher even in controls without excipients, compared to reported results
in other articles, indicating that water or ethanol are suitable solvents for the extraction of
compounds with strong antioxidant effects from red clover aerial parts.
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Figure 7. DPPH radical scavenging activity of red clover blossom extracts with 50% (v/v) of ethanol
as a solvent with excipients. Results are mean values (n=3). 2 p < 0.05 vs. E1; ® p < 0.05 vs. E2;
€p<0.05vs. E3.

3.2.2. ABTS Radical Scavenging Activity

The ABTS radical cation decolorization test is one of the most widely used methods to
evaluate antioxidant activity. Color reduction shows the decrease in the ABTS radical [2].

In this study, all the test samples prepared with CDs were significantly higher com-
pared with control samples. The highest antioxidant activity (in samples where the
solvent was water) after the reaction with ABTS assay was observed in sample BW1
(414.53 £ 2.09 g TE/g) and GW3 (415.01 + 1.45 ug TE/g) (Figure 8). From all the test sam-
ples (excluding control samples), the lowest antioxidant activity was observed in sample
GWT1 (386.768 + 1.25 ug TE/g) (Figure 8). GW1 was the only sample that was statistically
significantly smaller compared with all the test samples prepared with excipients. The
ABTS radical scavenging capability using excipients of the test samples can be ranked,
according to their average means, as follows: BW > AW > GW.
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Figure 8. ABTS radical scavenging activity of aqueous red clover blossom extracts with excipients.
Results are mean values (n = 3). All the test samples were statistically significant to controls, therefore,
comparisons are not marked with letters in the graph. Samples codes are provided in Table 1.
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The highest antioxidant activity (in samples where the solvent was 50% ethanol (v/v))
was detected in the sample GE1 433.122 + 2.61 ug TE/g (Figure 9). Similar activity was
noticed in the sample GE3 429.74 4 2.54 ug TE/g). Lowest antioxidant activity was
observed in sample AE2 (397.63 + 0.72 ug TE/g) (Figure 9). All the samples prepared
with ethanol, as in the case of aqueous extracts, were significantly higher compared to
control samples (p < 0.05). The ABTS radical scavenging capability using excipients and
50% ethanol (v/v) as a solvent of the test samples can be ranked, according to their average
means, as follows: GE > BE > AE.
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Figure 9. ABTS radical scavenging activity of ethanolic red clover blossom extracts with excipients.
Results are mean values (n = 3). All the test samples were statistically significant to controls, therefore,
comparisons are not marked with letters in the graph. Samples codes are provided in Table 1.

A trend between test samples was observed comparing the results obtained with
the DPPH and ABTS methods. Samples that were prepared in water had higher radical
scavenging activity when they were extracted using a- or B-CD. The results gained using
these two excipients were similar in both antioxidant methods. Samples prepared using
ethanol and CDs by both ABTS and DPPH methods showed identical results. The highest
antioxidant activity was found in samples prepared with -CD and the lowest in extracts
that contained a-CD.

3.2.3. Reducing Power Activity

The reducing capacity of a compound can be a significant indicator of its potential
antioxidant activity. Compounds with reducing power indicate that they are electron
donors and can reduce the oxidized intermediates of lipid peroxidation processes, so that
they can act as primary and secondary antioxidants [52].

Total antioxidant activity, measured by the FRAP method, varied from 144.05 4 0.73
(GE2) to 193.57 4 1.94 (GE1) mg FE(II)/g dw in the test samples with excipients and 50%
ethanol (v/v) as a solvent (Table 3). In aqueous samples extracted using different CDs
as excipients, the highest antioxidant activity was observed in GW3 (143.37 &+ 2.20 mg
FE(II)/g dw) and the lowest—AW2 (106.45 =+ 2.54 mg FE(II)/g dw). Examining the results
obtained using FRAP assay, it was detected that only two samples—GE1 and AW2—had
significant lower values compared with controls (Table 3).
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Table 3. Ferric Reducing Antioxidant Power (FRAP) values in samples prepared with excipients.

Samples Codes * FRAPF, mg FE(I)/g dw **
E1 15293 +£1.93
El 144.09 + 1.47
E3 141.05 + 1.94

AE1 167.78 + 3.19 def
AE2 161.60 + 1.94 def
AE3 161.35 & 1.94 def
BE1 188.84 + 5.13 def
BE2 162.07 + 2.93 def
BE3 191.92 + 0.73 def
GE1 193.57 4 1.94 def
GE2 144.05 + 0.73 f
GE3 179.62 + 1.94 def
w1 109.92 + 2.71
w2 106.58 + 1.12
w3 102.60 + 1.59
AW1 120.79 4 1.27 b<
AW2 106.45 + 2.54 ¢
AW3 114.36 + 0.73 @b<
BW1 142.10 4 2.54 b
BW2 121.38 4 1.47 2b<
BW3 116.43 + 2.93 ab<c
GW1 112.71 4 0.73 @b<
GW2 136.44 + 0.41 b
GW3 143.37 4 2.20 @b<

* Samples codes are provided in Table 1. ** Results are mean values (n = 3); the & values relative standard
deviations SD. ? p < 0.05 vs. W1;® p < 0.05 vs. W2; € p < 0.05 vs. W3; ¢ p < 0.05 vs. E1; © p < 0.05 vs. E2; f p < 0.05
vs. E3. The control in water is compared only with samples prepared in water. Moreover, controls prepared in
ethanol are compared only with ethanol samples.

In the literature, it was reported that red clover flowers have a low (0.0251 mg FE(II) /g
dw) or even undetected reducing antioxidant power [53,54]. The test samples results
obtained in this study were significantly higher than compared to controls. This means that
it is very important to choose the right extraction conditions and solvent. However, the
presence of phenolic compounds and their distribution in the red clover vary due to many
factors—origin, cultivation influences, weather conditions, plant parts, growing stages,
harvesting season, etc. [55]. Therefore, it would not be entirely appropriate to compare the
results of different studies.

Some of the samples exhibited higher capacity in reducing ferric ion (Fe®*) to ferrous
ion (Fe?*) than to scavenging free radicals. The use of 8- or 7-CDs greatly increased the
reducing power in both water and ethanol samples. Although the use of y-CDs in ethanolic
extracts gave a higher radical scavenging effect, aqueous extracts prepared with -CDs
showed a higher reducing capacity. A similar trend was observed with 3-CD. However,
extracts prepared using B-CD and water showed stronger radical scavenging, but ethanolic
samples extracted with -CD had better reducing power. Even though aqueous extracts
prepared using #-CD had a high radical scavenging activity, in both ethanol and water
they had lower reducing properties compared to other test samples prepared using 8- or
7-CDs. Once again, these results obtained with excipients could prove that using different
CDs or/and solvent in the extraction media different compounds can be extracted, and
the phenolic profile of the sample prepared with a-CD can be different from the samples
prepared with - or -CDs.

Comparing all antioxidant activity results obtained from three methods (FRAP, ABTS,
DPPH)), it was found that the CDs use increases antioxidant activity. This can be attributed
not only to the higher yield of polyphenols and their improved diversity in the CD extracts,
but also from the protection of the polyphenols from rapid oxidation by free radicals
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(during all treatment steps) due to CD encapsulation [56]. In this study, CD whose extracts
were least affected by the solvent used (water or ethanol) was g-CD.

3.2.4. Post-Column ABTS Antioxidant Assay and RP-LC/PDA /MS Qualitative Analysis

The post-column detection of the reduction of the ABTS radical in relation to antiox-
idant content is reflected by the negative chromatogram at 650 nm. HPLC separation is
coupled with rapid identification of antioxidative active compounds. The major advan-
tages of post-column reaction methods are that the antioxidant activity of an individual
compound can be measured and its contribution to the total activity of a complex mixture
can be estimated [29].

The highest antioxidant activity using the post-column ABTS method was deter-
mined in the ethanolic GE1 sample—30.16 4+ 1.21 mg TE/g and the lowest in the BE1
10.73 + 0.43 mg TE/g ethanolic sample (Table 4). All the samples had statistically higher
values compared with controls.

Table 4. ABTS radical scavenging activity of red clover blossom extracts with 50% (v/v) of ethanol or
water as a solvent with excipients.

Samples Codes * ABTS Radical Scavenging, mg TE/g dw **
AW1 11.93 +0.48°
AE1 32.68 +£1.31°
BW1 20.68 +0.83°
BE1 10.73 £0.432
GW1 12.67 +0.51°
GE1 3016 £1.212
w1 8.35 + 0.33
E1l 9.38 4 0.38

* Samples codes are provided in Table 1. **? p < 0.05 vs. E1; ® p < 0.05 vs. W1. The control in water is compared
only with samples prepared in water. Moreover, controls prepared in ethanol are compared only with ethanol
samples.

Results obtained from the post-column method show that using water the highest
radical scavenging activity was in the BW1 sample (20.68 + 0.83 mg TE/g) extracted using
B-CD (Table 4). Much smaller results were obtained from the AW1 and GW1 samples.
Ethanolic samples AE1 and GE1 had similar antioxidant properties, but BE1 antioxidant
activity was almost three times lower. Therefore, samples obtained from aqueous -CD
assisted extraction had higher antioxidant activity than the same sample prepared in
ethanol. Similar reverse correlation was observed in samples prepared with a- and y-CDs.

Figure 10, part A, shows an example chromatogram of sample AW1. Antioxidant
activity signal strength is expressed as peaks of negative active compounds. It shows that
the extract is rich in many different compounds, but not all of them have antioxidant activity.

In chromatogram B (Figure 10), it is shown the results of concentrated control sample
W1. It is widely reported in the literature [4,57,58] that red clover is rich in isoflavones,
which have strong antioxidant properties. Therefore, it was decided to determine the
antioxidant activity of isoflavones aglycones (daidzein (9) and genistein (10)) and glycosides
(daidzin (7) and genistin (8)) in the extract using the ABTS post-column method.

In the study, we used known concentrations of isoflavones standards, and it was deter-
mined that isoflavones tested in the post-column method did not show antioxidant activity.
The same isoflavones standard samples were investigated using the ABTS spectrophoto-
metric method and the result was 134.64 + 5.87 ug TE/g. This means that isoflavones
need longer incubation time in the ABTS assay to reach equilibrium. It was reported in the
literature that whenusing an ABTS assay not all the compounds react quickly, so longer in-
cubation is needed [59,60]. Using spectrophotometric method incubation time was 30 min,
but in column it was much shorter, which resulted in the absence of antioxidant activity.

134



Antioxidants 2022, 11, 435

16 of 21

A

010

ABTS 650 um

B 9 10
8
om0
ABTS 650 mn 7 ’
|
—
’ |

ABTS 650

PDA 340 mm

T
0o 1000

Mt Moctes

Figure 10. ABTS post-column chromatograms: (A) example profile of AW1 sample; (B) concentrated
control sample profile with main isoflavones (7—daidzin; 8—genistin; 9—daidzein; 10—genistein)
standards.

Using HPLC-DAD, only two compounds were identified in the red clover profile—
caffeic acid (2) and hyperoside (4). To determine all the compounds that gave the highest
antioxidant activity to the red clover extract (determined by the post-column method),
it was decided to use LC-MS. It was determined that peak 1 (m/z 295.0 [M-H]") was
caffeoylmalic acid, peak 3 (m/z 358.0 [M-H]") cis-clovamide, peak 5 (1n/z 505.1 [M-H]")
quercetin-O-hexoside-acetate, and peak 6 (1/z 447.0 [M-H]") kaempferol-O-hexoside, by
comparing with the data found in the literature and databases [61].

According to ABTS post-column chromatogram (Figure 10A), caffeoylmalic acid gives
the highest antioxidant respond compared to other compounds in the extract. Moreover, a
quite high response was detected from hyperoside as well.

3.3. Correlation with Antioxidant Activities and Phytochemical Contents

In this study, four methods used to quantify the antioxidant activity of the samples
prepared with CDs-assisted extraction. Furthermore, all the methods presented a signifi-
cant correlation between them, with high values in the Spearman correlation coefficient.
Numerous studies have also reported this correlation [43,55].

In the aqueous samples extracted, x-CD significant positive correlations were found
between total phenolic content and DPPH and FRAP assays. Similar positive correlations
were observed between total flavonoid content and DPPH and FRAP assays. ABTS assay
correlations with total phenolic and flavonoid content were moderate (Table 5).

Table 5. Correlation between antioxidant activity and total phenolic and total flavonoid content of
the red clover aerial extracts prepared with -CD.

Assays

Correlations of Aqueous Extracts Correlations of Ethanolic Extracts

Total Phenolic Total Flavonoid Total Phenolic Total Flavonoid
DPPH radical 0.989 ** 0.979 0.897 ** 0.999 **
scavenging activity : : : :
ABTS radical 0.447 0.500 0.986 0.830 ™
scavenging activity
Ferric Reducing 0.800 ** 0.835 ** 0.079 0338

Antioxidant Power

** Correlation is significant at the 0.01 level (2-tailed).

In ethanolic extracts, total phenolic and flavonoid content had significant positive
correlations with DPPH and ABTS assays; in these samples, FRAP assay correlation was
very weak (Table 5). The antioxidant ability of polyphenols, including mainly flavonoids,
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seemed to be an important factor dictating the free radical scavenging capacity of red clover
flower ethanolic extracts prepared with «-CD.

The most statistically significant correlations between the antioxidant assay and phe-
nolic and flavonoids content were observed in aqueous test samples prepared with g-CD
(Table 6). Even though flavonoid content presented nonsignificant moderate correlation
with the DPPH assay, it demonstrated strong correlations with ABTS and FRAP assays.

Table 6. Correlation between antioxidant activity and total phenolic and total flavonoid content of
the red clover aerial extracts prepared with -CD.

A Correlations of Aqueous Extracts Correlations of Ethanolic Extracts
ssays

Y Total Phenolic Total Flavonoid Total Phenolic Total Flavonoid

DPPH radical 0.999 % 0.558 0.979 ** 0.344
scavenging activity

ABTS radical 0.938 * 0.832 0.424 0.545
scavenging activity

Ferric Reducing 0.939 * 0.830 ** 0.998 ** 0.480

Antioxidant Power

** Correlation is significant at the 0.01 level (2-tailed).

In ethanolic extracts, correlations between flavonoid content and antioxidant assays
were from weak (DPPH) to moderate (ABTS and FRAP). However, in ethanolic samples,
the total phenolic content statistically significant correlated with DPPH and FRAP assays
(Table 6).

Chelating power in aqueous samples prepared with -CD had a significant correlation
between flavonoids, but nonsignificant with total phenolic content. Total phenolic content
pointed to a significant correlation with DPPH (Table 7).

Table 7. Correlation between antioxidant activity and total phenolic and total flavonoid content of
the red clover aerial extracts prepared with y-CD.

A Correlations of Aqueous Extracts Correlations of Ethanolic Extracts
ssays

Y Total Phenolic Total Flavonoid Total Phenolic Total Flavonoid

DPPH radical 0.999 * 0293 0.836 ** 0.570
scavenging activity

ABTS radical 0.307 0.936 ** 0.083 0.450
scavenging activity

Ferric Reducing 0.316 0.998 ** 0.024 0.353

Antioxidant Power

** Correlation is significant at the 0.01 level (2-tailed).

In ethanolic extracts, the only statistically significant correlation was between total
phenolic content and the DPPH assay.

All the samples prepared with excipients demonstrated a strong relationship between
total phenolic content and DPPH assay. FRAP assay in all the aqueous samples (except
samples prepared using v-CD) had a significant correlation with total phenolic and total
flavonoid contents.

4. Conclusions

The observed levels of phenolics, total flavonoid content and the antioxidant properties
of red clover flowers extract indicate that it can be used as a natural source of biologically
active components in the human nutrition, as well as in pharmaceutical industry.

Using a-, B-, and y-CDs during aqueous or ethanolic red clover extraction enhanced
antioxidant activity in samples. Either CD extracted different compounds in extraction
media that had different activities. The total phenolic contents in samples of the extracts

136



Antioxidants 2022, 11, 435

18 of 21

References

varied from 54.12 + 0.46 (GE3) to 34.38 + 0.63 (AE2) mg GA /g dw when the solvent was
50% (v/v) ethanol and 44.78 + 0.92 (BW1) to 32.31 £ 0.63 (BW3) mg GA/g dw when
the solvent was water. All the samples that were prepared with excipients, despite the
solvent used, had illustrated higher total content of phenolic compounds compared to
control samples prepared without CDs. The total flavonoid content results were entirely
synchronous with those of the total phenolic. It was successfully shown that samples with
a high level of phenolic content also contain flavonoids in great amount.

Samples that were prepared in water had a higher radical scavenging activity than
when they were extracted using a- or B-CD. The results gained using these two excipients
were similar in both antioxidant methods. Samples prepared using ethanol and CDs by
both ABTS and DPPH methods showed identical results. The highest antioxidant activity
was found in samples prepared with y-CD and the lowest in extracts that contained a-CD.
Some of the samples exhibited higher capacity in reducing ferric ion to ferrous ion than to
scavenging free radicals: samples with - or 7-CDs greatly increased reducing power in
both water and ethanol samples. Although the use of 7-CDs in ethanolic extracts gave a
higher radical scavenging effect, aqueous extracts prepared with -CDs showed a higher
reducing capacity. Using the post-column method, it is important to determine if active
compounds react slowly with the ABTS assay, or quickly to optimize the method and obtain
quality results. The most statistically significant correlations between the antioxidant assay
and phenolic and flavonoids content were observed in aqueous test samples prepared with
B-CD. Additionally, samples prepared using the 8-CD assisted method in water showed
the highest phenolic and flavonoid content as well as antioxidant activity. However, using
7-CD increased antioxidant activity and phenolic compounds in 50% ethanol samples.
Thus, different CDs increase the amount of extracted phenolic compounds, which have
strong antioxidant properties, in the desired safe solvent, making CDs a great and safe for
food tool for obtaining rich extracts that can be used in the pharmaceutical industry for
nutraceuticals production.
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Abstract: Viruses and bacteria can disrupt normal human functions; therefore, ways to use the
beneficial properties of plants to promote health are constantly being researched. Plant materials
that accumulate biologically active compounds can be used to create a new pharmaceutical form.
This study aimed to investigate the biological activity of selected plant extracts and essential oil
and to produce microcapsules. The main compounds in extracts and essential oil were determined
using chromatographic methods, antioxidant activity was evaluated spectrophotometrically, an-
timicrobial activity was assessed by monitoring the growth of nine pathogens, and the antiviral
effect on infected bird cells with coronavirus was evaluated. Trifolium pratense L. extract had the
highest antioxidant (26.27 + 0.31 and 638.55 + 9.14 ug TE/g dw by the DPPH and ABTS methods,
respectively) and antiviral activity (56 times decreased titre of virus). Liquorice extract expressed
antibacterial activity against Gram-positive pathogens and the highest antioxidant activity using
the FRAP method (675.71 + 4.61 mg FS/g dw). Emulsion stability depended on excipients and their
amount. Microcapsules with extracts and essential oil were 1.87 mm in diameter, and their diameter
after swelling was increased more than two times in intestinal media, while less than 0.5 times in
gastric media.

Keywords: plant extract; essential oil; microcapsules; extrusion; antioxidant activity; antiviral activity;
antimicrobial activity; Glycyrrhiza glabra L.; Trifolium pratense L.; Myristica fragrans Houtt. essential oil

1. Introduction

Plant extracts and essential oils are used in many domains, including medicine, nutri-
tion, flavouring, beverages, dyeing, repellents, fragrances, pharmaceutics, and cosmetics.
Many plants have been recognized to have medicinal properties and beneficial impacts on
health, e.g., antioxidant activity, digestive stimulation action, anti-inflammatory, antimicro-
bial, hypolipidemic, antimutagenic effects, and anticarcinogenic potential [1].

Phenolic compounds are one of the plants’ most evident secondary metabolites, and
their distribution is demonstrated throughout the entire metabolic process. The biological
activity of plants is primarily attributed to these compounds. Polyphenols contain numer-
ous varieties of compounds: simple flavonoids, phenolic acids, complex flavonoids, and
coloured anthocyanins [2—4].

Botanical substances obtained from plants, such as Trifolium pratense L. flowers, Gly-
cyrrhiza glabra L. roots, and Myristica fragrans Houtt. essential oil, which are generally
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perceived as safe because of their natural origin, can be used for the prevention or treat-
ment of menopausal health issues, various degenerative disorders, and possess many
pharmacological activities, such as antiviral, antimicrobial, anti-inflammatory, antitumor,
and other activities [5-11]. These plant substances could act synergistically and increase
positive effects.

Trifolium pratense L. flower extracts are rich in isoflavones that possess estrogenic
activity. However, it also has antioxidant and antibacterial activities, which may result
from the presence of other flavonoids and phenolic compounds such as phenolic acids,
clovamides, and saponins [12]. It is possible to obtain a preparation with strong antibacterial
and antioxidant properties using Trifolium pratense L. extract with other plants.

Glycyrrhizin, a triterpenoid saponin glycoside, is considered the main bioactive com-
ponent (4-10%) of Glycyrrhiza glabra L. roots (Glycyrrhiza glabra L.). It has been shown
to possess glucocorticoid-like pharmacological effects and anti-inflammatory, antiviral,
anti-tumour, and hepatoprotective activities [13]. A liquorice biological effect could be used
in drugs and food supplements formulation, also it could be used in cosmetic products
or in the food industry as a food and flavour additive [14]. Like Trifolium pratense L., the
biological properties of this plant are due to phenolic compounds. Nevertheless, biological
properties in plants can be provided not only by phenolic compounds in extracts but also
by active compounds found in essential oils.

Essential oils contain important classes of compounds such as monoterpenes (C10 hy-
drocarbons based on two isoprene units), phenylpropanoids (C6 aromatic compounds with
C3 side chains), sesquiterpenes (C15 hydrocarbons based on three isoprene units), diter-
penes (C20), triterpenes (C30) and their oxygenated derivatives, and phenolic compounds
(such as thymol and carvacrol) [15]. Several scientific researchers report that Myristica
fragrans Houtt. essential oil has potential antioxidant, antimicrobial, anti-inflammatory,
antiulcer, anticancer, aphrodisiac, and other activities caused by monoterpenes and pheno-
lic compounds [10,16,17]. Not only can essential oils be used because of their biological
properties but also because of the pleasant smell they can provide for the final product [18].

In order to protect volatile compounds found in essential oil to produce the final
pharmaceutical, microencapsulation can be applied. Microencapsulation is a method
that protects unstable compounds from environmental exposure. The excipients, which
formulate a shell, could protect core substances.

Resistance to antibiotics has been on the rise in recent years. This is largely due to
bacteria maintaining a genetic capacity to transmit and gain resistance against therapeutic
compounds. In addition, many new multiresistant strains have arisen, which poses a
serious threat both to individuals who are immunosuppressed as well as those who receive
general hospital care [19,20]. Antibacterial agents derived from plants are a promising
option for use in the treatment of infections. Plants lack some of the negative secondary
effects and are often available and affordable.

Plant extracts that possess antiviral activity can be a valuable addition to an antiviral
therapy. Antiviral drugs should target exactly the virus, but since viral particles live inside
the host and gets integrated into the host cell, application of antiviral therapy through drugs
is very difficult. Antiviral drugs may also kill the host cell [21]. Therefore, by using plant
extracts that possess antiviral activity, the effective additional form or nutraceutical-like
microcapsules can be created.

Sodium alginate is one of the most popular excipients used in extrusion [22-26]. It
is a chemically stable polysaccharide and can form strong gel barriers from water [27,28].
Extrusion is a simple method that does not require expensive devices; for example, a
medical syringe, syringe pump, and a crosslinker solution could be used to form parti-
cles [29,30]. Microcapsules prepared by extrusion could be used in wet and dry forms
depending on the properties that are needed. This method’s particle size usually ranges
from 0.25 to 2.5 mm [31,32]. The size depends on the shell material, crosslinker solution
and concentration, and the amount of excipient(s) [33].
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Microcapsules could be used to create and supplement products for pharmacy, cos-
metics, food, and other industries. Moreover, microcapsules increase the shelf-life of labile
compounds [34,35]. This form was selected because it could be used as a final product or
incorporated into many pharmaceutical forms in order to obtain different release effects.
Using plant extracts and essential oils made by microencapsulation is an excellent oppor-
tunity to conduct research, evaluate the properties of active compounds, and use them in
developing new products.

In this research, three plants were chosen: Trifolium pratense L. flower, Glycyrrhiza
glabra L. roots, and Myristica fragrans Houtt seeds. Their extracts and essential oil were
used to formulate an emulsion and microcapsules by extrusion, and then their physical
properties were evaluated. The main active compounds were determined and antioxidant,
antimicrobial, and antiviral effects were assessed from Trifolium pratense L. and Glycyrrhiza
glabra L. extracts and Myristica fragrans Houtt. essential oil.

This research could help create microcapsules with high antibacterial and antiviral
effects and could be incorporated into a pharmaceutical form.

2. Materials and Methods
2.1. Plant Material and Reagents

Trifolium pratense L. samples were collected in Trifolium pratense L. fields in Laiciai,
Kupigkis district, Lithuania (latitude 55°53024.2" N; longitude 25°19036.0" E). The col-
lections of Trifolium pratense L. flower buds were made on the 31 July 2021. Glycyrrhiza
glabra L. roots (the country of origin is China) were bought from LSMU pharmacy (Kaunas,
Lithuania). Myristica fragrans seeds’ country of origin was Grenada (supplier Spaisvilé,
Pagaltuonys, Lithuania). Voucher specimens (Trifolium pratense L.—J21731; Myristica fra-
grans Houtt.—I18922; and Glycyrrhiza glabra L.—K20911) were placed for storage at
the Herbarium of the Department of Drug Technology and Social Pharmacy, Lithuanian
University of Health Sciences, Lithuania.

In this experiment, purified water was prepared with GFL2004 (GFL, Burgwedelis,
Germany). Deionised water was prepared with Millipore, SimPak 1 (Merck, Darmstadt,
Germany). The following reagents were used: standards genistein, daidzein, and gly-
cyrrhizin acid (Sigma Aldrich, Steinheim, Germany). 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), and p-CDs pur-
chased from Sigma Aldrich (Hamburg, Germany); aluminium chloride, hexaethylenete-
traamine, dimethyl sulfoxide (DMSO), acetic acid, and Sabouraud dextrose agar (dehy-
drated) obtained from Sigma-Aldrich (Buchs, Switzerland); potassium persulfate obtained
from Alfa Aesar (Karlsruhe, Germany); ethanol (96%) obtained from Vilniaus Degtiné
(Vilniaus, Lithuania); Folin—Ciocalteu’s phenol reagent (Merck, Darmstadt, Germany);
monosodium phosphate, ferrous sulfate heptahydrate, saline phosphate buffer, and hydro-
gen peroxide obtained from Sigma Aldrich (Schnelldorf, Germany); disodium hydrogen
phosphate obtained from Merck (Darmstadt, Germany); Mueller-Hinton Agar obtained
from BBL (Baltimore, MD, USA); foetal bovine serum obtained from FBS (Gibco, TX, USA);
and as the shell material, alginic acid sodium salt from brown algae obtained from Sigma-
Aldrich (Shanghai, China) was used. Calcium chloride (Farmalabor, Pozzillo, Italy) salt
was used to formulate microcapsules as a crosslinker, which linked sodium alginate chains
and formed a solid gel.

2.2. Extracts and Essential Oil Preparation
2.2.1. Preparation of Glycyrrhiza glabra L. Extract

Glycyrrhiza glabra L. extract was prepared by using dried and milled plant root powder.
The extraction was done using 1 g & 0.001 g of powder in 10 mL of purified water. First, the
plant material was macerated in water for 4 h. After that, ultrasound-assisted extraction
was performed using an ultrasound bath (frequency 38 kHz) (Grant Instruments™, XUB12
Digital, Cambridge, England). The extraction time was 30 min; the processing temperature
was 40 £ 2 °C. After extraction, samples were centrifuged for 10 min at 3382 g (5500 rpm)
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followed by the decantation of the supernatant. The extract was filtered through the paper
filter and used in the following research.

2.2.2. Preparation of Trifolium pratense L. Extract

Before use, clover flowers were ground to a fine powder using an Ultra Centrifugal
Mill ZM 200 (Retsch, Haan, Germany). Grinding was performed at 4025 g (6000 rpm) using
a 0.5 mm trapezoid hole sieve. The extraction was performed as in the previous study
using excipient 3-cyclodextrin (3-CD) [36].

Ultrasound-assisted extraction was performed using an ultrasound bath (38 kHz)
(Grant Instruments™ XUB12 Digital, Cambridge, England). A sample of 0.3 &+ 0.001 g
of dried and milled flower heads was macerated in 10 mL of 50% ethanol. Additionally,
0.1 £ 0.001 g of 3-CDs was added to the extraction mixture samples (10 mL) to prepare
samples with CD concentrations of 1% (w/v). Ultrasound extraction time was 10 min, and
the processing temperature was 40 £ 2 °C. After ultrasound processing, the samples were
put in a round bottom flask and refluxed in a sand bath at 100 °C for 1 h. After that, the
mixture was left to cool at a temperature of 25 & 2 °C. The samples were centrifuged for
10 min at 3382 g (5500 rpm), followed by the decantation of the supernatant. The extract
was filtered through the paper filter and used in the following research.

2.2.3. Essential Oil Preparation

Myristica fragrans Houtt. essential oil was prepared by modified hydrodistillation.
Muyristica fragrans Houtt. seed powder was mixed with magnesium aluminometasili-
cate, and then distilled water was added to the mixture (5:1:300). Hydrodistillation with
Clevenger-type apparatus (manufacturer of apparatus Winzer Corporation, bought from
Carl Roth, Drogen, Germany) and heating mantle (Pilz®, Winkler, Germany) was carried
out for 2 h. A colourless essential oil was obtained and collected in an airtight bottle. The
essential oil was stored in a refrigerator at 4 °C until needed.

2.3. Chromatografical Analysis of Extracts
2.3.1. HPLC-PDA Conditions

High-performance liquid chromatography with diode array detectors (HPLC-PDA)
was performed as described in previous work by Kazlauskaite et al. [36]. It was carried
out using the Shimadzu Nexera X2 LC-30AD HPLC system (Shimadzu, Tokyo, Japan),
equipped with an SPD-M20A diode array detector (DAD).

For the determination of polyphenols in plant extracts, an ACE 5 C18 250 x 4.6 mm
column (Advanced Chromatography Technologies, Aberdeen, Scotland) was used. The
mobile phase consisted of solvent A (acetic acid/methanol/deionised water) (1:10:89
v/v/v) and solvent B (acetic acid/methanol) (1:99 v/v). The linear gradient elution profile
was as follows: 80% A/20% B at 0 min, 30% A/70% B at 30 min, and 90% A/10% B
at 39 to 40 min. The flow rate was 1 mL/min, and the injection volume was 10 pL.
Absorption was measured at 260 nm. Quantification of compounds was performed using
reference standards.

2.3.2. GC-MS Conditions

Gas chromatography-mass spectrometry (GC-MS) analysis was performed as de-
scribed in Matulyte et al. [37]. GC-MS was carried out using the GCMS-QP2010 system
(Shimadzu, Tokyo, Japan). The column used in the process was RTX-5MS, 30 m x 0.25 mm
id. x0.25 uL film thickness. The flow rate of helium (99.999%, AGA Lithuania) carrier gas
was set at 1.23 mL/min.

A total of 20 uL of the sample (extract or essential oil) was diluted to 1 mL with hexane
(>99%, Sigma-Aldrich, Germany). The oven temperature was maintained at 40 °C for
2 min after injection and then programmed at 3 °C/min to 210 °C, at which the column
was maintained for 10 min. The split ratio was 1:10. The mass detector electron ionisation
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was 70 eV. Identification of volatile compounds was carried out using mass spectra library
search (NIST 14).

2.4. Total Phenolic and Flavonoid Content and Antioxidant Activity

Total phenolic and flavonoid content and antioxidant activity methods ABTS, DPPH,
and FRAP were carried out as described in Kazlauskaite et al. [36].

2.4.1. Determination of Total Phenolic Content

A total of 0.5 mL of extract was mixed with 2.5 mL of 1:9 diluted Folin-Ciocalteu’s
phenol reagent and 2.0 mL of 7% (w/v) sodium carbonate. Absorbance was measured
at 765 nm after 1 h using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The
calibration curve was prepared using gallic acid (0-0.1 mg/g; y = 11.108; R? = 0.9981). The
results were expressed as gallic acid equivalent per gram dry weight (mg GA/g dw).

2.4.2. Determination of Total Flavonoid Content

A total of 0.1 mL of extract was added to 1.0 mL 96% (v/v) of ethanol, 0.05 mL of
33% acetic acid, 0.15 mL 10% aluminium chloride, and 2.0 mL 5% hexamethylenetetramine
solutions. Spectrophotometric analysis was performed after 30 min at 475 nm wavelength
using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The results were expressed
as rutin equivalent per gram dry weight (RE/g dw) and calculated by the formula TFC = C
- Ve - F/M, where TFC is the total flavonoid content (mg RE/g dw); C is the concentration
of the used standard (mg/L); V. is the volume of the used solvent (L); F is the dilution
coefficient of the sample; and M is the mass of the sample (g). The calibration curve was
obtained with a rutin (0-0.5 mg/g; y = 5.0867; R? = 0.9985). The results were expressed as
rutin equivalent per gram dry weight (RU/g dw).

2.4.3. ABTS Radical Scavenging Activity Assay

Aqueous ABTS solution (7mM) was mixed with potassium persulfate (2.45 mM)
solution and stored in the dark for 12-16 h to produce a dark-coloured solution containing
ABTS radical cation. ABTS working solution was prepared using ABTS radical solution
and diluting it with water. Working solution absorbance should be regulated to 0.90 (+0.02)
at 734 nm using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan).

Free radical scavenging activity was evaluated by mixing 2.0 mL of ABTS working
standard with 200 uL of the test sample in the cuvette. The samples were incubated in the
dark at room temperature for 30 min. The calibration curve was obtained with a Trolox
(0-0.5 mg/g; y = 0.0001728x; R? = 0.9832). The results were expressed as Trolox equivalent
per gram dry weight (TE/g dw).

2.4.4. DPPH Radical Scavenging Activity Assay

A total of 2.0 mL of DPPH solution (0.1 mM in ethanol) was mixed with 2.0 mL of the
samples. The reaction mixture was shaken and incubated in the dark at room temperature
for 30 min, and the absorbance was read at 517 nm against the blank using a spectropho-
tometer (Shimadzu UV-1800, Kyoto, Japan). The calibration curve was obtained with a
Trolox (0-0.016 mg/g; y = 0.00623x; R? = 0.9923). The results were expressed as Trolox
equivalent per gram dry weight (TE/g dw).

2.4.5. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was prepared by mixing 0.3 M acetate buffer, 10 mM TPTZ solution
with 40 mM HCI, and 20 mM ferric chloride solution. A total of 10 pL of the sample was
combined with 200 uL of FRAP reagent; the contents were mixed vigorously. The absorption
was measured at 593 nm using a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The
calibration curve was obtained with ferrous sulfate (0-1 mg/g; y = 2.6272; R? = 0.9985). The
results were expressed as ferrous sulfate equivalent per gram dry weight (FS/g dw).
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2.5. Antimicrobial Activity

Antimicrobial activity was determined with the diffusion method in a solid nutrient
media of agar. Mueller-Hinton Agar (Mueller-Hinton II Agar, BBL, Cockeysville, MD,
USA) was used.

Standard cultures of nonspore bacteria (all bacteria were obtained from American Type
Culture Collection (ATCC))—Staphylococcus aureus (ATCC 25923; human nasal microbiota),
Staphylococcus epidermidis (ATCC 12228; human skin microbiota), Enterococcus faecalis (ATCC
29212; human colonic microbiota), Escherichia coli (ATCC 25922; human colonic microbiota),
Klebsiella pneumoniae (ATCC 13883; human microbiota), Pseudomonas aeruginosa (ATCC
27853; human microbiota), and Proteus vulgaris (ATCC8427; human microbiota). Bacteria
were grown for 20-24 h at 35-37 °C on Mueller-Hinton Agar. The bacterial suspension was
prepared from cultures of cultivated bacteria in sterile physiological sodium chloride (0.9%)
solution, standardised with a McFarland standard indicator. The bacterial suspension was
considered standardised when the indicator value was 0.5 (1 mL of bacterial suspension
contains 1.5 x 10 cells of the micro-organism).

Standard spore bacteria cultures of Bacillus cereus (ATCC 6633; soil microbiota) were
grown for 7 days at 35-37 °C on Mueller-Hinton Agar. After growing the culture of spore
bacteria, it was washed off the surface of the medium with a sterile physiologic solution.
The prepared suspension was heated for 30 min at 70 °C and diluted with physiological
saline until the spore concentration in 1 mL was between 10 x 10° and 100 x 10°.

The standard culture of the fungus Candida albicans (ATCC 10231; human microbiota)
was grown for 20 to 24 h at 30 °C for 72 h on Sabouraud agar. The fungal suspension was
prepared from cultivated fungal cultures in physiological saline and standardised with a
McFarland standard indicator.

A 0.5 McFarland turbidity suspension of the standard bacteria was prepared. The
bottom of the Petri dishes was divided into 9 segments. The technology of reference
microorganisms to Mueller-Hinton agar was used to determine the antimicrobial activity
of Glycyrrhiza glabra L. and Trifolium pratense L. extracts. The disk method was used to
determine the antimicrobial activity of Myristica fragrans Houtt. essential oil.

2.5.1. Antibacterial Activity of Extracts

The chosen amount of extract was poured into a sterile Petri dish (Glycyrrhiza glabra
L. extract from 1 mL to 0.0075 mL; clover from 1 mL to 0.1 mL). Then, 5 mL of Mueller—
Hinton agar was added. After the solidification of the agar, suspensions of reference
microorganisms were inoculated. Samples were kept in a thermostat for 20-24 h at 35 °C,
then stored for 24 h at room temperature. Antimicrobial activity was evaluated. If the
cultures had grown—the sample did not inhibit the growth of bacteria. If the reference
culture did not grow, the sample has an antimicrobial effect against the microorganism.

2.5.2. Antibacterial Activity of Essential Oil

A total of 0.5 mL of bacterial suspensions were separately poured into sterile Petri
dishes. After that, 5 mL of Mueller-Hinton agar was poured into the plates. After the agar
solidified, an 8 mm disk was placed on top, and 30 um of Myristica fragrans Houtt. essential
oil was added. Samples were kept in a thermostat for 20-24 h at 35 °C, then stored for 24 h at
room temperature. Antimicrobial activity was then evaluated: if the cultures grew around
and under the disk—the sample did not inhibit the growth of bacteria. If the reference
culture did not grow, the sample has an antimicrobial effect against the microorganism.

2.6. Antiviral Activity

Dr. I. Jacevitiené provided a Vero cell line (ATCC CCL-81) from the Department of
Virus Research at the National Food and Veterinary Risk Assessment Institute in Lithuania.
The cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, TX, USA)
supplemented with 10% foetal bovine serum (FBS, Gibco, TX, USA) at 37 °C in a 5% CO,
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incubator. Gentamycin (50 ug/mL, Gibco, TX, USA) and nystatin (100 units/mL, Gibco,
TX, USA) were used to prevent microbial contamination.

The Vero-adapted Beaudette infectious bronchitis virus (IBV) strain was used. Dr.
M.H. Verheije of Utrecht University in The Netherlands provided the virus. The virus
stocks were prepared and stored at —80 °C in aliquots.

Determination of TCID50 of the control and the treated IBV were performed in 96-well
plates (TPP, Switzerland) with Vero cells. Serial dilutions of IBV in tenfold steps were
prepared. Each sample was tested in octuplicates, and the experiments were repeated twice.
CPE was evaluated after 72 h. Virus titres and standard deviations were calculated using
the Kérber method (Kérber 1931), and the virus reduction capacity was assessed [38].

The cytotoxicity assay was performed to determine the 50% cytotoxic concentration
(CCsp). CCsp was determined for each extract on Vero cells using an MTT assay [39].
First, cells were seeded at a concentration of 1 x 10* cells/well in a 96-well plate and
grown at 37 °C for 1 day. The assay was performed in octuplicate for each extract. After
72 h, the MTT reagent (10 uL, 5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) was added
and incubated for 4 h at 37 °C. A total of 100 uL dimethyl sulfoxide was added to each
well, and the plates were placed on the shaker for 5 min. The absorbance of each well
was measured at 620 nm in a microplate reader (Thermo Scientific™, Multiskan™ FC
Microplate Photometer, Tokyo, Japan), and the percentage of cell survival was calculated.
The relative viability in untreated cells was set as 100%. Finally, dose-response curves were
plotted to calculate CCsy that caused lysis and death of 50% of cells (Chang, 2016). The
dilutions of plant extracts were prepared for screening and determination of antiviral and
virucidal activity.

Testing solutions were prepared by mixing IBV (10>% TCIDs, ) suspensions in
DMEM with previously established noncytotoxic extract volumes (dilutions 1:15 and 1:30).
The controls of diluents of plant preparations were used. The virus and extract mixtures
were incubated at 20 °C for 1 h and then titrated as described above. Controls of cells, the
virus, and extracts were included. After 72 h of incubation, the plates were examined using
an inverted microscope (Leica, Germany) to detect CPE. The reduction factor was used to
describe plant preparations’ viral reduction potential [38]. The reduction factor < 1 logjo—
regarded as insignificant; 1-2 logjp—indicative/contributable; 2-4 logjp—moderate; and
>4 logo—high.

Antiviral activity was evaluated by infection of cells after virus treatment, during
virus treatment, and the treatment of cells before infection and after infection. A total of
0.05 IBV particles per cell multiplicity of infection (MOI) was used. Prepared extracts were
serially diluted twofold per seven wells in DMEM and assessed for their ability to inhibit
IBV replication using four mechanisms.

In the first method, IBV was treated with the diluted extract for 1 h in a separate
96-well plate and then poured onto the cells. After incubating for 1 h at 37 °C in 5% CO,,
the mixtures were discarded, and then the cells were washed twice with PBS. After washing,
200 uL of DMEM containing 2% FBS was added. Observation by microscopy for inhibition
of CPE was performed after incubation for 72 h at 37 °C in 5% CO,.

In the second method, the diluted extract and IBV mixtures were poured onto the cells
immediately. After incubating for 1 h at 37 °C in 5% CO,, the mixtures were discarded, and
then the cells were washed twice with PBS. After washing, 200 uL of DMEM containing
2% FBS was added. Observation by microscopy for inhibition of CPE was performed after
incubation for 72 h at 37 °C in 5% CO,.

In the third method, the cells were inoculated with the IBV and then treated with the
extract. First, the cells were inoculated with the virus and incubated for 1 h at 37 °C in 5%
CO;. Then the unadsorbed IBV was discarded, and the cells were washed twice with PBS.
After washing, the cells were treated with the diluted extracts for 1 h at 37 °C in 5% CO,.
After washing the cells twice with PBS, 200 uL. of DMEM containing 2% FBS was added.
Observation by microscopy for inhibition of CPE was performed after incubation for 72 h
at 37 °C in 5% COs.
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In the fourth method, the cells were treated with extract before inoculation. First, the
cells were treated with the diluted extracts for 1 h at 37 °C in 5% CO;. Then the cells were
washed twice with PBS and inoculated with IBV. After incubation for 1 h at 37 °C in 5%
COy, the cells were washed twice with PBS, and 200 pL. of DMEM containing 2% FBS was
added. Observation by microscopy for inhibition of CPE was performed after incubation
for 72 h at 37 °C in 5% CO,.

Every sample of the extract was tested twice in quadruplicate.

The cytopathic effect (CPE) of IBV was evaluated by optical microscopy. The endpoint
was the extract dilution that inhibited 100% of the CPE at two noncytotoxic concentrations.

2.7. Emulsion Preparation

First, a 4% sodium alginate solution was prepared from distilled water and alginic acid
sodium salt. It was used throughout the experiment for emulsion preparation as the shell
material. Emulsion with Trifolium pratense L. and Glycyrrhiza glabra L. extracts, and Myristica
fragrans Houtt. essential oil were prepared as follows: solution with excipients (maltodex-
trin, inulin, and/ or gum Arabic) was mixed with sodium alginate solution (stirred for
15 min with a magnetic stirrer MSH-20A (Witeg, Wertheim, Germany)) and then extracts
with essential oil were added. The solution was homogenised for 15 min at 5000 rpm using
an IKA T18 homogeniser (IKA-Werke GmbH & Co., KG, Staufen, Germany).

The emulsion’s stability was tested using a centrifuge Sigma 3-18KS (Sigma Laborzen-
trifugen GmbH, Osterode am Harz, Germany). The test was repeated three times using
23 °C temperature, 3000 rpm, and the duration was 5 min. The centrifugation index (CI)
was calculated to evaluate emulsion stability.

Ve
CI(%) = —--100 1
() =3 &
where V is the volume of the remaining emulsion after centrifugation and V; is the volume
of the initial emulsion.

2.8. Particle Size and Distribution Measurements

Myristica fragrans Houtt. essential oil particles’ size and distribution were assessed
using Mastersizer 3000 with a Hydro EV unit (Malvern analytical Ltd., Malvern, UK). The
emulsion was added dropwise in the dispersant (water) to obtain laser obscuration between
9.5% and 10.5%. The pump speed was kept constant at 2400 rpm. The refractive index used
for dispersant and dispersing material was 1.330 and 1.478, respectively. The average was
calculated for particle size distribution in five runs. The percentile (D10, D50, and D90)
values described the formulations.

2.9. Microcapsule Preparation Using the Extrusion Method

Microcapsules were prepared by extrusion method. The medical syringe (Jiangsu
Zhengkang Medical Apparatus, Yangzhou, China) and NE-1000 Programmable Single
Syringe Pump (KF T technology SRL, Rozzano, Italy) were used to prepare droplets for
microcapsules. The drops of emulsion were ejected from the needle into the crosslinker
solution. The height from the needle to the solution surface was 10-15 cm, and the pumping
speed was 3 mL/min. A solution of 5% calcium chloride was used as a crosslinker. Micro-
capsules were prepared by using a magnetic stirrer. Particles in the crosslinker solution
were stirred for 15 min, and then the microcapsules were filtered using filter paper and
washed with distilled water. Manufactured capsules were left to dry at room tempera-
ture (20 £ 2 °C) for 24 h. Dried and wet microcapsules were stored in sealed tubes until
further tests.
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2.10. Physical Parameters of Microcapsules
2.10.1. Size of Dry and Wet Microcapsules

The microcapsules’ size was measured using a Digital Calipiper micrometre (BGS
technic, Wermelskirchen, Germany). The diameter of 30 units of dried and freshly made
capsules was measured, and the average was calculated.

2.10.2. Firmness of Microcapsules

The force of firmness was measured on freshly made microcapsules by texture anal-
yser TA.TX plus (Texture Technologies, Hamilton, MA, USA). For one sample, 5 units
of microcapsules were taken, and the force which was required to compress 2 mm was
measured using a P/100 probe.

2.10.3. Swelling Characteristic of Microcapsules

Dried microcapsules were swelled in gastric and intestinal media [33]. The microcap-
sules were weighed at successive time intervals of 0, 0.5, 1, 2, 4, and 24 h. The swollen
microcapsules were removed and filtered using metal mesh and dried with a paper towel
to eliminate the excess fluid. To determine the swelling index (SI), the following formula
for calculation was used: W W

SI(%) = —— 1. 100 2
(%) = =5 @
where Wy is the weight of swollen microcapsules at the time and Wj is the dried microcap-
sules” weight.

2.11. Statistical Data Analysis

Data were analysed using SSPS version 20.0 (IBM Corporation, Armonk, NY, USA). All
experiments were performed in triplicate. Data are expressed as mean =+ standard deviation
(SD). The comparisons between three different measurements were made using Friedman
and Wilcoxon tests. The results were considered statistically significant at p < 0.05. For
antiviral experiments, the differences between the methods and extracts were evaluated
by Fisher’s criteria and the Student’s t-test. The data were regarded as significant when
p <0.05.

3. Results and Discussion
3.1. Quantification of Main Compounds in Plant Extracts and Essential Oil

The main compound with higher biological activity in Glycyrrhiza glabra L. extract is
glycyrrhizic acid [40]. Glycyrrhiza glabra L. extract was made by maceration combined with
ultrasound processing. The extracts yielded 349.29 + 14.55 ug/g glycyrrhizic acid. The
extract was concentrated by evaporation of water (half the weight of the extract), and the
glycyrrhizin content determined after concentration was 2.07-fold higher. In the literature,
there are other extraction methods to obtain glycyrrhizin. Using sonification and pres-
surised hot water extraction, the amount of glycyrrhizin acid was 17.21 & 1.27 mg/g and
13.20 £ 2.37 mg/g, respectively [41]. A total of 36.4 ug/g of glycyrrhizic acid was obtained
by ultrasound-assisted extraction (30:1 solvent to solute ratio, 40 °C temperature) [42].
Ultrasound alone yields lower concentrations of glycyrrhizic acid; therefore, combining it
with maceration gives better results.

Trifolium pratense L. flower extract (extraction with excipient f-CD) contained
171.57 £ 12.36 ug/g of genistein and 393.23 & 23.71 ug/g of daidzein. This amount
of isoflavones is higher than the average reported in the literature. It was reported
that petioles contained 0.028 mg/g of daidzein and 0.054 mg/g of genistein, and flow-
ers contained 0.44 pg/g of genistein and daidzein, except for minimal traces were
not detected [43]. Using reflux (85 °C) extraction, 0.11 & 00.28 mg/g of daidzein and
0.10 + 0.0053 mg/g of genistein were obtained (extrahent was methanol). These con-
centrations were a lot lower than those obtained in this study. Adding excipient f-CD
to extraction media helps extract target compounds. 3-CDs form host-guest inclusion
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complexes with various drugs in a solution or a solid state. The existence of a 3-CD hy-
drophobic cavity boosts the extraction of phenolic compounds, including isoflavones [44].
Clover extract was also concentrated by evaporating water (50%), and the isoflavones
concentration found in the sample were genistein 265.46 ug/g and daidzein 598.16 pg/g.

Myristica fragrans Houtt. essential oil (prepared by modified hydrodistillation; origin
country: Grenada) had the highest concentration of sabinene 42.55%, x-pinene 13.58%,
B-terpinene 8.17%, and B-myrcene 3.47%. The essential oil yield was 10.88 £ 0.75%.
Compared with other studies, it was found that Myristica fragrans Houtt. essential oil yield
prepared using hydrodistillation was from 3.2% to 10.3% and when prepared by steam
distillation was 0.3-12.5% [10]. The essential oil isolated from the seeds of Myristica fragrans
Houtt. (origin country Nigeria) was found to contain 49.09% sabinene, 13.19% a-pinene,
6.72% «-phellandrene, and 6.43% terpinen-4-ol as major constituents [45]. Therefore, the
monoterpenes identified from Myristica fragrans Houtt. essential oil in our sample contained
higher concentrations. Myristica fragrans Houtt. Essential oil from Brasilia had an even
lower amount of sabinene (25.0%) but a higher amount of myrcene (10.9%) compared with
this study’s results [46].

3.2. Phenols and Antioxidant Activity of Extracts and Essential Oil

Many components in extracts and essential oil, i.e., carotenoids, vitamin C, vitamin
E, and phenolic compounds, contribute to the overall antioxidant activity; it is difficult to
measure the total antioxidant activity based on individual active components. This is because
compounds can interact with each other to produce antagonistic or synergistic effects [47].
As a result, the extracts were tested for total phenolic compounds, flavonoid content, and
antioxidant activity using three different methods—ABTS, DPPH, and FRAP. The research
was done using concentrated Glycyrrhiza glabra L. and Trifolium pratense L. extracts.

3.2.1. Total Phenolic and Flavonoid Content

The total phenolic content found in Glycyrrhiza glabra L. extract was 43.14 & 0.06 mg
GA/g dw. Higher results were obtained from the Trifolium pratense L. flowers extract—
74.00 £ 0.15 mg GA/g dw (Table 1). Ethanolic Trifolium pratense L. extract had a signif-
icantly higher total phenol content compared to aqueous Glycyrrhiza glabra L. extract
(p <0.05), and the exact correlation was observed comparing total flavonoids. Varying
solubility of the phenolic compounds due to different solvents could be explained by
the solvent polarity, and ethanol is more efficient in extracting lower molecular weight
polyphenols, especially glycosides [48,49].

Table 1. The results of samples total phenol and flavonoid content.

Samples Total Phenols Total Flavonoids
P (mg GA/g dw) (mg RU/g dw)
Glycyrrhiza glabra L. extract 43.14 + 0.06 16.89 £ 0.02
Trifolium pratense L. extract 74.00 £+ 0.15 19.50 £ 0.04
Myristica fragrans Houtt. Essential oil (1%) 7.49 + 0.04 6.84 + 0.05

The essential oil of Myristica fragrans Houtt., because of its preparation method, con-
tained only a small amount of phenols (7.49 + 0.04 mg GA /g dw). The main compounds
found in our sample were monoterpenes (identified as 67.77%). This correlates with the
results published by other researchers [10,15]. The total flavonoids determined in the
essential oil was 6.84 & 0.05 mg RU/g dw.

3.2.2. Antioxidant Activity of Extracts and Essential Oil

In the literature, a few antioxidant assays have been developed based on method-
ological differences to detect antioxidant activity in samples taken from natural sources,
including extracts and essential oils. In this study, DPPH, ABTS, and FRAP methods were
used to determine the antioxidant potentials of Glycyrrhiza glabra L. and Trifolium pratense
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L. extract, also Myristica fragrans Houtt. essential oil. Radical scavenging antioxidants are
necessary for the antioxidative defence to protect cells from the injurious effects of free
radicals [50]. Antioxidants can delay the progress of many chronic diseases as well as lipid
peroxidation [51].

The antioxidant activity of Glycyrrhiza glabra L. and Trifolium pratense L., using the
DPPH method, was similar (Table 2). Trifolium pratense L. extract showed better antioxidant
activity using the ABTS method (638.55 + 9.14 ug TE/g dw), but Glycyrrhiza glabra L. extract
had higher ferric reducing power (675.71 & 4.61 mg FS/g dw). Studies in the literature
have shown that both Trifolium pratense L. and Glycyrrhiza glabra L. are good antioxidants.
Trifolium pratense L. is known to contain isoflavones (daidzein, genistein, formononetin,
and biochanin A), which possess estrogenic effects, but antioxidant properties of extract
can be related to quercetin, hyperoside, clovamides, and other phenolic compounds [52].
The reported main phenolic compounds in Glycyrrhiza glabra L. extract responsible for
its antioxidant activity are also isoflavones, such as glabridin, hispaglabridin A, and 30-
hydroxy-4-O-methylglabridin [53].

Table 2. Antioxidant capacity of plant extracts and essential oil.

Sampl. DPPH ABTS FRAP
ampies (ug TE/gdw) (ugTE/gdw)  (mgFS/g dw)
Glycyrrhiza glabra L. extract 2622 +0.27 524.67 £ 6.32 675.71 £+ 4.61
Trifolium pratense L. extract 26.27 +0.31 638.55 + 9.14 526.86 + 3.21

Myristica fragrans Houtt. Essential oil (1%) 8.69 & 0.01 92.14 £1.26 176.05 £ 0.12

Myristica fragrans Houtt. essential oil reported possessing antioxidant activity as well
as Trifolium pratense L. or Glycyrrhiza glabra L. extracts. Nevertheless, the concentration of
the essential oil used in this study was 1%. The isomers a-pinene and 3-pinene possess
antioxidant and antimicrobial activity, but the antimicrobial activity of 3-pinene is more
robust [17].

3.3. Antimicrobial and Antiviral Activity

The antimicrobial activity of Trifolium pratense L. and Glycyrrhiza glabra L. extract was
determined using nonconcentrated extracts. Glycyrrhiza glabra L. extract had expressed
antimicrobial activity against Gram-positive bacteria: Staphylococcus aureus, Staphylococcus
epidermidis, Enterococcus faecalis, and Bacillus cereus. Additionally, it suppressed the growth
of the fungus Candida albicans.

A concentration of 0.2% extract inhibited these pathogens, whereas Bacillus aureus was
inhibited by a 2% Glycyrrhiza glabra L. extract solution. Glycyrrhiza glabra L. extract had no
antimicrobial activity against Gram-negative bacteria: Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and Proteus vulgaris. The results are presented in Table 3.

The antimicrobial activity of Trifolium pratense L. extract was not expressed, but the
obtained results showed that this extract inhibits gram-positive bacteria more. 0.75 mL
of extract in 5 mL of agar medium (13.04% concentration of extract) inhibited the growth
of Staphylococcus epidermidis and inhibited Staphylococcus aureus and Bacillus cereus weakly.
The growth of other pathogens was not inhibited (Table 4).

According to the literature, the extraction solvent capability to extract active substances
of the active principles has a major importance on the antibacterial and antifungal activity
of the Trifolium species. Studies on the antimicrobial properties of Trifolium pratense L.
included a comparison of the actions of different extracts solvents, concentration of the
extract and drying conditions [19,54-56]. In our study case, the concentration of isoflavones,
which are responsible for antibacterial effect in Trifolium pratense L. was too low to have
strong antibacterial response.

Essential oils are volatile liquids, so it is difficult to determine their effect due to
evaporation. One essential oil concentration was chosen in this study, and antimicrobial
activity against 9 pathogens was evaluated. Results (Table 4) showed that Myristica fragrans
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Houtt. Essential oil suppressed the growth of half of referenced gram-positive and half of
referenced gram-negative pathogens (Staphylococcus aureus, Bacillus cereus and Escherichia
coli, Klebsiella pneumoniae, respectively), and the other pathogens were not suppressed (two
of gram-positive and two of gram-negative).

Observing the results obtained by other scientists and comparing it with this study,
it was found that a two times higher amount of nutmeg essential oil suppressed Candida
albicans, Staphylococcus aureus, Bacillus cereus, Bacillus luteus, Escherichia coli, and Pseudomonas
aeruginosa [17]. In the other study, it was found that Myristica fragrans Houtt. essential
oil was more effective in inhibiting the growth of S. aureus than gentamicin (sample and
gentamicin (as control) concentrations were the same, and the zone of inhibition of Myristica
fragrans Houtt. was 1.22% greater than the antibiotic) [57].

In the literature, it was reported that Trifolium pratense L. extract suppressed Bacillus
subtilis growth. The diameter of the nongrowth zone was 20 mm, while the essential oil
nongrowth zone was 12 mm. The extract had 40% higher activity against B. subtilis com-
pared to essential oil [58]. The antibacterial activity of the essential oil against Staphylococcus
aureus, Escherichia coli, Salmonella typhimurium, and Bacillus cereus was also tested, and it
was found that clover extract did not inhibit the growth of either pathogen [59]. Thus, it can
be concluded that to increase the antibacterial activity in products, clover extract should be
used instead of essential oil.

In publications about Glycyrrhiza glabra L. roots, it was revealed that an ethanolic
extract of Glycyrrhiza glabra L. had a positive effect on suppressing B. cereus, B, subtilis,
K. pneumoniae, and S. aureus; however, the ethanolic extract did not suppress E. faecalis
growth [60]. In our study it was found that 0.01 mL of the Glycyrrhiza glabra L. extract in a
5 mL agar medium effectively suppressed E. faecalis.

Table 3. Antimicrobial effect of Glycyrrhiza glabra L. extract on the growth of reference microor-
ganism cultures.

Reference Cultures of

Amount of Glycyrrhiza glabra L. Extract (mL)

Microorganisms 11 12 13 14 19 L6 7 18 L o
1.0 0.75 0.5 0.25 0.1 0.075 0.05 0.025 0.01  0.0075
Stap%{écgc;g;;;mus 1 S S S S S S S S N
s s s s s s s s s s N
Enl:;g}éctzlsg gezcalis S S S s S S S S S N
Ao NONoN N N N N N NN
Kleb;ff}llcu émlle;ggz;niue N N N N N N N N N N
Pseud:;grgz;;rgléginosa N N N N N N N N N N
ACC 1177 S S S S
Nrecion S S
RcCy R S S

S—inhibits the growth of reference culture of microorganisms (the antimicrobial effect was present); N—does not
inhibit the growth of reference culture of microorganisms (no antimicrobial effect); =—very weak growth.
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Table 4. Antimicrobial effect of Trifolium pratense L. extract and Myristica fragrans Houtt. Essential oil
on the growth of reference microorganism cultures.

Reference Cultures of

Amount of Myristica fragrans

Amount of Clover Extract (mL) Houtt. Essential Oil (g)

Microorganisms 21 22 2.3 24 25 4
1.0 0.75 0.5 0.25 0.1 30.0

M s ooy oo X ’
s s 5 ooy o n Y
e hs Ny ooy oy N Y
o NN N N i
s Ny oy n i
Pseudgr;ggszt;;r;éginusa N N N N N N
e 17 s oo N Y
Mo N N N N i
"accay Ny oy oy on "

S—inhibits the growth of reference culture of microorganisms (the antimicrobial effect was present); N—does not
inhibit the growth of reference culture of microorganisms (no antimicrobial effect); =—very weak growth.

3.4. Antiviral Activity of Used Plant Extracts and Essential Oil

It was determined that the CCsq of Trifolium pratense L. was 4.8 mg/mL and the CCsg
Glycyrrhiza glabra L. was 10.0 mg/mL for Vero cells. The diluent of Glycyrrhiza glabra L. had
no virucidal effect upon IBV, whereas the diluent, ethanol, used for Trifolium pratense L. at
concentrations of 8.0% ethanol (Trifolium pratense L. with 4.8 mg/mL) and 6.67% ethanol
(Trifolium pratense L. with 4.0 mg/mL) had a virucidal effect (Table 5). The diluent of the
almond EO did have a positive impact on virucidal activity (p < 0.05).

Based upon cytotoxicity and control results, dilutions of 1:15 and 1:30 were chosen for
comparison of the virucidal activity of extracts.

All plant preparations (1:15 and 1:30) showed a >90% reduction of the viral titre and
had moderate or contributable virucidal activity. At 1:15 dilution (2 mg/mL), Trifolium
pratense L. showed moderate virucidal activity (virus reduction 2.75 log), while at a 1:30
dilution (1 mg/mL), virus reductions were between 1.125 logjg and 1.75 logjo. Other
plant preparations showed contributable virucidal activity at both dilutions. The virucidal
activity of Trifolium pratense L. and Glycyrrhiza glabra L. was dose-dependent (p < 0.05),
while the concentration of almond had no effect (p > 0.05).

Antiviral activity was tested for the extracts of Trifolium pratense L. and Glycyrrhiza
glabra L. (Table 6). It was shown that the extracts were effective against IBV and could pro-
tect the Vero cells prior to or during infection. IBV pretreatment with extracts after infection
and cell pretreatment prior to infection could not inhibit 100% of the CPE. Combining these
extracts together can result in a promising preparation that will have high antioxidant,
antibacterial, and antiviral properties.
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Table 5. Comparison of the virucidal effect of plant extracts on IBV.

Virus Reduction (TCIDs,)

Material, Dilution and Concentration

Virus Titre, TCID5g
P N log1o % Reduction Factor
Name Dilution Concentration
1.75 4 mg/mL NA NA NA NA
Trifolium pratense L. extract 115 2mg/mL* 2.50 + 0.26 2.72 99.82 moderate
1:30 1mg/mL* 3.50 + 0.00 1.74 98.23 contributable
1:15 3.33% 522 +£0.16 - - -
50% ethanol (control)
1:30 1.67% 524 +0.16 - - -
1:15 13.3 mg/mL * 3.50 +£0.18 1.72 98.23 contributable
Glycyrrhiza glabra L. extract
1:30 6.6 mg/mL * 4.00 +0.19 1.24 94.38 contributable
1:15 6.66% 522 +£0.16 - - -
Water (control)
1:30 3.33% 524 +0.16 - - -
Myristica fragrans Houtt. 1:15 13.3 uL/mL 413 +£0.18 1.10 92.50 contributable
essential oil ** 1:30 6.6 uL/mL 4.00 +0.18 1.24 94.38 contributable
1:15 13.3 uL/mL 3.88 £0.18 1.34 95.80 contributable
Almond oil (control)
1:30 6.6 puL/mL 3.75 +0.16 1.49 96.84 contributable
IBV control undiluted 100% 525+ 0.16 - - -

* Dose-dependent effect (p < 0.05). ** Myristica fragrans Houtt. essential oil was diluted in almond oil; the essential
oil concentration was 1%. NA—nonapplicable because of ethanol virucidal effect.

Table 6. Antiviral activity of plant extracts.

Antiviral Effect Evaluated by CIA100

Plant Extract Virus Pre-Treatment with Extract

N N N . N Cell Pre-Treatment Prior to Infection
Prior to Infection = During Infection After Infection

Trifolium pratense L. + + - -

Glycyrrhiza glabra L. + + - -

+: had an effect; -: no effect.

3.5. Emulsion Physical Stability

Six emulsion samples were prepared, and their stability was evaluated (the emulsion’s
composition is shown in Table 7). Sample E3 became an inhomogeneous texture after all
ingredients were mixed, and its centrifugation index was the lowest (Figure 1).

When comparing the stability of the emulsion, it was established that one excipient
(maltodextrin/inulin/gum Arabic) was unable to keep the emulsions stable (CI was lower
than 50%). Then, two different excipients were added to the composition, and the stability
of the emulsion was increased by approximately 46% compared with E1. The highest
stability of the emulsion was evaluated, and then three excipients were added. Emulsion
E6 was the most stable, and its CI was 100%.

In an emulsion, particle size, distribution, and essential oil drop diameter were deter-
mined using the Mastersizer 3000 (Figure 2). Myristica fragrans Houtt. essential oil drop
diameter in the emulsion was 0.571 um. Evaluated percentiles were measured: D10 was
0.328 £ 0.051 pum, D50 was 0.46 £ 0.03 um, and D90 was 0.89 + 0.094 um. The percentiles
D10, D50, and D90, indicate the size for which 10%, 50%, and 90% of the particles are
equal to or less, respectively [61]. The emulsion particle size with different essential oils
was 16.70-55.56 pm. The base was made from soy protein isolate and gum Arabic [62].
Studies similar to this, with Myristica fragrans Houtt. essential oil, extracts, and gum Arabic,
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maltodextrin, and inulin, were not found. This stable emulsion (E6) was used to prepare

microcapsules by extrusion.

Table 7. Emulsions” composition.

Samples and Ingredients Quantities

Ingredients
E1 E2 E3 E4 E5 E6
4% sodium alginate solution (g) 47.0 47.0 47.0 47.0 47.0 47.0
Myristica fragrans Houtt. essential oil (mL) 0.3 0.3 0.3 0.3 0.3 0.3
Trifolium pratense L. extract (mL) 42 42 42 42 42 42
Glycyrrhiza glabra L. extract (mL) 16.5 16.5 16.5 16.5 16.5 16.5
Maltodextrin (g) 12.0 - - 8.6 10.3 6.2
Inulin (g) - 12.0 - 34 - 4.3
Gum Arabic (g) - - 12.0 - 1.7 1.5
Purified water (mL) 20.0 20.0 20.0 20.0 20.0 20.0
120
100
3
5 i
=] -2
260
0
= I
a = x
o 40 =
E]
&
20
0 I |
El E2 E3 E4 E5 E6
Samples

Mumber Density (%)

Figure 1. The emulsion stability (centrifugation index). The code of emulsion is given in Table 7.

N\

i [\

5_ [\

| I .

Figure 2. Particle size distribution.

3.6. Microcapsules” Physical Parameters

100.0

Size Clasges (pm)

In a 5% crosslinker solution, microcapsules were formulated (Figure 3), and all mi-
crocapsules were spherical and of light brown colour. The yield of microcapsules was
68.67 £ 3.08%. The freshly prepared microcapsules’ diameter was 1.87 4 0.35 mm and
soft (easily crushed between the fingers). The force of crushing (measured with a Texture
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analyser) was 3758.52—4135.87 g. The dried microcapsules’ diameter was 0.76 4= 0.11 mm,
and the device did not measure the force because the maximum force value is 6500 g; dried
microcapsules were harder than this value.

Figure 3. Extruded microcapsules (A) immediately after extrusion and (B) after drying the microcapsules.

Extrusion technology to produce microcapsules with essential oils and extracts is
rarely used, but similar research results have been found. In a study with Myristica fragrans
Houtt. essential oil, when polysorbate 80 is used as an emulsifier, microcapsules of size
2.120-2.280 mm with a strength of 4333.46-5116.70 g were formed in a 2% crosslinker
solution [33]. Microcapsules with 1% of rosemary essential oil and without other excipients
had a diameter between 0.950 mm and 0.756 mm (non-dry and dry, respectively; only
sodium alginate 4% solution was used) [25].

Microcapsules’ swelling index in gastric media was from 19.74% to 13.96%, and
alginate microcapsules did not swell in gastric fluid. At first, the microcapsules swelled a
little, but after 30 min, the swelling index decreased. Conversely, microcapsules swelled
from 25.22% to 121.59% in the intestinal medium (Figure 4). After a day, the microcapsules
had lost their shape and softened. Another study found that alginate microcapsules lost
weight in the gastric media (alginate, soy protein microcapsules with thyme essential
oil) [26]. The maximum swelling index was reached in 40-60 min, and then the amount
of microcapsules in the gastric medium decreased [63]. Another study confirmed that
alginate microcapsules swell in the intestinal medium, and the swelling index could be
higher than 20 times [33]. In contrast, microcapsules almost did not swell, or their amount
decreased in gastric media (pH = 1-2.5) [64]. The results of other studies are in agreement
with the results obtained in this study and show that sodium alginate microcapsules swell
in the intestinal medium. Sodium alginate is a polymer and forms hydrogels. It is well
known that a hydrogel can respond to surrounding conditions such as pH, ionic strength,
temperature, and electric current. The pH sensitivity is an important factor for controlled
drug release in the gastrointestinal tract, which has a variation of pH from the stomach
to the intestine. Many studies support the results that sodium alginate microcapsules or
gels do not swell in the intestinal medium. The pH controls the degree of dissociation of
the guluronic and mannuronic acid groups (alginate molecule parts); therefore, alginate
does not swell in an acidic medium [65,66]. Alginate microcapsules can be used to develop
gastric insoluble pharmaceutical formulations.
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Figure 4. Microcapsules swelling graph in simulated intestinal and gastric media.

4. Conclusions

This study determined that the chosen plant extracts and essential oil had a significant
concentration of active substances. The main component in liquorice extract was gly-
cyrrhizin acid (349.29 + 14.55 ug/g); the red clover extract contained 171.57 4 12.36 ug/g
of genistein and 393.23 & 23.71 ug/g of daidzein. Nutmeg essential oil had four main
chemical compounds: sabinene, a-pinene, 3-terpinene, and 3-myrcene.

All the plant extracts possess antioxidant effects. The highest effect was determined
in the red clover extract, which also was the most effective against viruses. The highest
antibacterial effect was found in the liquorice extract, which was most effective against
Gram-positive pathogens. Therefore, plant-derived products can be considered promising
when being used as antimicrobial agents. Extruded microcapsules with essential oil and
extracts could be an additional form to incorporate in other pharmaceutical forms for
therapeutic benefits. Considering the obtained research results, it is planned to evaluate
the release of active compounds from microcapsules in the future.
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Abstract: The current study presents the most suitable method for encapsulating nutmeg essential
oil with liquorice and red clover. Two widely used methods, spray-drying and freeze-drying, were
employed to find the most suitable for essential oil volatile compounds’ protection. Results showed
that freeze-dried capsules (LM) had a higher yield (85.34%) compared to the exact formulation of
spray-dried microcapsules (SDM)—45.12%. All the antioxidant and total phenolic compounds’ results
obtained with the LM sample were significantly higher compared with SDM. LM microcapsules were
incorporated in two different bases with no additional sugar (gelatin and pectin) for targeted release.
Pectin tablets had firmer and harder texture properties, while gelatin tablets had a more elastic texture.
There was a significant impact on texture changes caused by microcapsules. Microencapsulated
essential oil with extracts can be used alone or in a gel base (pectin or gelatin, depending on user
preferences). It could be an effective product to protect the active volatile compounds and regulate
the release of active compounds and give a pleasant taste.

Keywords: essential oil; nutmeg; red clover; polyphenols; liquorice; spray-drying; freeze-drying; gel
tablets; gelatin; pectin

1. Introduction

Microencapsulation has many applications in the food, cosmetic and pharmaceutical
industries, such as protecting, isolating, or controlling a given substance’s release. Micro-
capsules as delivery systems offer numerous advantages over conventional dosage forms,
including improved efficacy, patient compliance, and convenience. Changing a liquid into
a powder enables a variety of different applications for substances [1,2]. Microcapsules
are constructed from an encasing substance that surrounds a core containing the active
ingredient. The final particle size can range from 0.2 to 5000 m in diameter depending
on a number of variables, including processing and material selection [3]. For microcap-
sules’ preparation, various techniques can be employed, including spray drying, spray
chilling or spray cooling, extrusion coating, fluidized-bed coating, liposomal entrapment,
lyophilization, coacervation, centrifugal suspension separation, co-crystallization, and
inclusion complexation [4].

Essential oil microencapsulation is needed to protect active compounds’ evaporation
and oxidative decomposition, to mask strong odors, and in pharmaceuticals, to control
release [2]. Additionally, plant extracts that contain active polyphenols can be encapsulated.
These compounds sometimes needs to be microencapsulated because they have an unpleas-
ant bitter taste or limited concentration that remains available following oral administration
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due to an insufficient gastric residence time, low permeability and/or solubility within the
gut, and instability [4,5].

Emulsification, which affects encapsulation efficiency, powder characteristics, and
storage stability, is a crucial step that should be performed before drying, particularly in
the microencapsulation of essential oils, which requires the use of various wall materials.
Different wall materials, including some carbohydrates, protect active substances against
adverse temperatures, pH, humidity, oxygen, and other components that can react with the
protected material [6].

One of the most used microencapsulation methods is spray-drying. This process is
affordable, simple to alter and use, and results in a high-quality product [7]. The feed
emulsion’s composition and drying parameters have an impact on the quality of spray-
dried microcapsules. The coating substance can be altered and customized to deliver
ideal features. Coverage of the active substance gives oxidation protection and wall
materials with high solubility, good emulsification, film-forming, and drying capabilities
in the finished microcapsules [8]. The main concern when spraying emulsions containing
essential oils is the evaporation of volatile compounds due to the high spraying temperature.
The researchers proved that it is possible to produce powders of heat-labile compounds
even using 200 °C temperature; therefore, it should be safe to use a spray-drying process in
preparation for essential oil microcapsules [9].

Freeze-drying (lyophilization) is a process that can protect product quality by limiting
chemical reactions, and biological and microbiological deterioration [10]. It is particularly
appealing for drying heat-sensitive and biologically active components because drying is
carried out in a vacuum and at temperatures lower than the materials’ ambient tempera-
ture. Nevertheless, it has downsides like high energy consumption and long processing
times [11-13].

Choosing the right inclusion material is a crucial step since encapsulating shields active
volatile molecules from the environment, as was previously discussed. The increase in the
stability of essential oil volatile compounds and the controlled delivery of encapsulated
substances depends on the wall material. However, microcapsules after production often
lack the desired effect, therefore incorporating microcapsules into pharmaceutical form can
solve several problems.

Oral administration forms come in a variety of formats, such as tablets, soft and hard
gel capsules, elixirs, suspensions, chewable tablets, etc. [14]. The latter form is becoming
increasingly popular due to its convenient consumption in people with dysphagia, colorful
appearance, smell, and because of a high sugar content pleasant taste. Most often, this
form is found in food supplements [15]. Various polymeric materials are used for the
formation of gels, such as gelatin, pectin, agar, and sugar is needed for the stabilization of
their structure [16]. Nevertheless, natural substitutes can be used to form these gels, thus
avoiding added sugar.

This study aims to compare freeze drying with spray drying technology to preserve
extracts and nutmeg essential oil and to choose the best microcapsules to incorporate in
different base, sugar-free chewable tablets on a laboratory scale.

2. Materials and Methods
2.1. Plant Material and Reagents

Myristica fragrans seeds’ country of origin was Grenada (supplier Spaisvilé, Pasal-
tuonys, Lithuania).

Trifolium pratense L. samples were collected in Trifolium pratense L. fields in Laiciai,
Kupiskis district, Lithuania (latitude 55°53,024.2” N; longitude 25°19,036.0" E). Glycyrrhiza
glabra L. roots (the country of origin is China) were bought from LSMU pharmacy (Kaunas,
Lithuania). Dried herbs and seeds (blower buds and roots) were ground separately using
an Ultra Centrifugal Mill ZM 200 (Retsch, Haan, Germany).

Gum Arabic and maltodextrin were purchased from Sigma-Aldrich, (Steinheim,
Germany). Ethanol (96%) used for extraction was purchased from Vilniaus degtiné
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(Vilnius, Lithuania). In this experiment, purified water was prepared with GFL2004
(GFL, Burgwedelis, Germany). Deionized water was prepared with Millipore, SimPak
1 (Merck, Darmstadt, Germany). The following reagents were used as standards, genis-
tein, daidzein, and glycyrrhizin acid (Sigma-Aldrich, Steinheim, Germany). The 2,2'-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH), and 3-CDs were purchased from Sigma-Aldrich (Hamburg, Germany);
aluminum chloride, hexaethylenetetraamine, dimethyl sulfoxide (DMSO), acetic acid ob-
tained from Sigma-Aldrich (Buchs, Switzerland); potassium persulfate obtained from Alfa
Aesar (Karlsruhe, Germany); Folin—Ciocalteu’s phenol reagent (Merck, Darmstadt, Ger-
many); monosodium phosphate, ferrous sulfate heptahydrate, saline phosphate buffer,
and hydrogen peroxide obtained from Sigma-Aldrich (Schnelldorf, Germany); disodium
hydrogen phosphate obtained from Merck (Darmstadt, Germany); alginic acid sodium
salt from brown algae obtained from Sigma-Aldrich (Shanghai, China). Calcium chloride
(Farmalabor, Pozzillo, Italy).

2.2. Microcapsules” Formulation and Preparation

Ethanolic red clover extract, aqueous liquorice extract and nutmeg essential oil were
prepared as described in a previous study [17].

The emulsion for lyophilization/spray-drying was prepared using maltodextrin, gum
Arabic and inulin as excipients. The composition of the emulsion is given in Table 1.

Table 1. Emulsion composition.

Ingredient Amount (%)
Red clover extract 124
Liquorice extract 49.59
Nutmeg essential oil 0.83
Gum Arabic 5.58
Maltodextrin 18.6
Inulin 13.2

Emulsion preparation: excipients were dissolved in liquorice extract and mixed with
red clover extract then the essential oil was added. The liquid was homogenized with IKA®
ULTRA-TURRAX® T18 homogenizer (IKA-Werke GmbH & Co., KG, Staufen, Germany)
for 15 min, 3000 rpm.

2.2.1. Lyophilization Method Conditions

The emulsion (Table 1) required storage in the refrigerator for 48 h at 18 °C prior to
lyophilization. For freeze-drying Beta 1-8 LSC plus lyophilizer (Martin Christ Gefriertrock-
nungsanlagen GmbH, Osterode am Harz, Germany) was equipped. Prior to the lyophiliza-
tion process, the apparatus’ condenser was turned on for roughly 30 min to attain the
necessary temperature (—53 °C). The product was lyophilized for 48 h. Throughout the
article, microcapsules prepared using lyophilization will be named LM.

2.2.2. Spray-Drying Method Conditions

Spray drying was done using a Buchi B-291 Mini Spray-Dryer (BUCHI Labortechnik
AG, Flawil, Switzerland) under the following conditions: according to previous pilot studies
inlet temperature was 160 °C, outlet temperature was 80-90 °C, spray flow feed rate—
30 mL/min, air pressure—6 bar, aspirator—100%. Throughout the article, microcapsules
prepared using spray-drying will be named SDM.

2.3. Evaluation of Physical Parameters of Microcapsules

The microcapsules obtained by spray-drying and lyophilization were analyzed for their
product yield, moisture content, bulk and tapped volumes, solubility, and size distribution.
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2.3.1. Microcapsule Yields
The powder yield after spray-drying/lyophilization is given by the percentage ratio
between the total mass of the final product by the non-solvent mass of the emulsion.

2.3.2. Moisture Content

Using the Moisture Analyzer DAB (KERN & SOHN Gmb, Balingen, Germany), mois-
ture content was determined. Microcapsules were weighed (approximately 0.2 + 0.05 g)
and heated at 105 °C until all the moisture was evaporated, and the product weight was
constant. The device’s screen displayed the moisture content (%) after the procedure.

2.3.3. Bulk and Tapped Volumes

The microcapsules” compressibility index and Hausner ratio were evaluated using
the TD 1 Tap Density Tester (SOTAX, Hopkinton, United States). The tapped density was
obtained mechanically tapping a graduated measuring cylinder containing the powder
sample. The Hausner ratio with compressibility index was calculated (values were shown
on device’s screen). All measurements were carried out three times.

2.3.4. Shape of the Microcapsules

The morphological characteristics of the microcapsules produced with different tech-
nological methods were evaluated by optical microscopy, Eclipse 50i (Nikon, China). Small
amounts of powders were placed on the surface of double-sided tape and 100x magnifica-
tion was used.

2.3.5. Solubility

A total of 5.0 & 0.05 g of the microcapsules were mixed with 30 mL of purified water
for 30 min using a vortex mixer (IKA, Staufen, Germany). The solution was centrifuged
at 1789 x g for 20 min at 25 °C. After centrifugation, the sediment was transferred to pre-
weighed Petri dishes and dried at 105 °C to constant weight. The solubility (%) of the
microcapsules” powder was calculated as the percentage of weight of sediment divided by
the weight of the sample and multiplied by 100%.

2.3.6. Size Distribution of Microcapsules

By using a laser, the volume weighted mean size (D 4,3) of the essential oil emulsions
were calculated. Using the Mastersizer 3000 with the Hydro EV unit (Malvern Panalytical
Ltd., Malvern, UK), diffraction size and distribution were evaluated. To achieve laser
obscuration, samples were introduced drop-by-drop to the dispersant (water). The D10,
D50, and D90 percentile values were used to describe the formulations.

2.4. Total Content of Active Compounds and In Vitro Release and Analysis of Microcapsules and
Gel Tablets

2.4.1. Total Phenolic and Flavonoid Content

Total phenolic content was determined using the modified Slinkard et al. method [18].
A 0.5 mL volume of sample was mixed with 2.5 mL Folin-Ciocalteu’s phenol reagent
(1:9 diluted in distilled water) and 2.0 mL of 7% (w/v) sodium carbonate. Absorbance
was measured at 765 nm after 1 h using a spectrophotometer (Shimadzu UV-1800, Kyoto,
Japan). The calibration curve was prepared using gallic acid. The results were expressed as
gallic acid equivalents per gram dry weight (mg GA/g dw).

Flavonoid content was also determined using a slightly modified spectrophotometric
method by Zhishen et al. [19]. Briefly, 0.1 mL of sample was added to 1.0 mL 96% (v/v)
ethanol, 0.05 mL 33% acetic acid, 0.15 mL 10% aluminum chloride, and 2.0 mL 5% hex-
amethylenetetramine solutions. The samples were kept in the dark for 30 min and the
absorbance was measured at a wavelength of 475 nm. The results were expressed as rutin
equivalents per gram dry weight (RE/g dw).
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2.4.2. In Vitro Release of Active Compounds

In vitro release was performed in gastric and intestinal media as previously performed
in the study of Matulyte et al. [20]. The research was achieved using the Sotax AT7 Smart
Dissolution System (SOTAX AG, Aesch, Switzerland). Gastric medium was prepared
according to the European pharmacopeia [21] using: 2.0 g of NaCl, 80 mL of 1 M HCl
solution, 3.2 g of pepsin, and distilled water up to 1000 mL (pH = 1.2).

Simulated intestinal juice was prepared using 6.8 g of KH,POy, 77.0 mL of 0.2 M
NaOH solution, 10 g of pancreas powder, and distilled water up to 1000 mL. The samples
in gastric medium were incubated for 30-90 min and then moved to intestinal medium
for 30-90 min. Samples for HPLC analysis were taken every half hour. The total in vitro
release time interval was 0-180 min. The samples were filtered and prepared for analysis
using headspace-gas chromatography with mass spectroscopy (HS-GC-MS) for volatile
compounds from essential oil and high-performance liquid chromatography (HPLC) for
isoflavones daidzein and genistein, and glycyrrhizin.

2.4.3. Chromatographic Analysis of Microcapsules

Nutmeg essential oil’s chemical compounds were determined using HS-GC-MS. Con-
ditions and equipment used are described in a previous study by Matulyte et al. [22].
Quantitative analysis of volatile compounds was determined in microcapsules and chew-
able gel tablets.

The release of daidzein, genistein and glycyrrhizin were determined using high-
performance liquid chromatography with diode array detectors (HPLC-PDA). The analysis
was conducted using the Shimadzu Nexera X2 LC-30AD HPLC system (Shimadzu, Tokyo,
Japan), equipped with an SPD-M20A diode array detector (DAD). The isoflavones’ research
conditions are described in the previous work of Kazlauskaite et al. [17].

The mobile phase for glycyrrhizin detection consisted of solvent A (0.1% trifluoroacetic
acid in water) and solvent B (acetonitrile). The linear gradient elution profile was as follows:
95% A /5% B at 0 min, 5% A/95% B at 30 min, 95% A /5% B at 36 min. The flow rate was
1 mL/min, and the injection volume was 10 pL. The chromatographic column was ACE
C18 (250 x 4.6 mm) 5 pm, column storage temperature was 30 °C, UV/Vis range was
200 to 400 nm. The range of linearity of glycyrrhizin was 0.480 to 492 ug/mL. The contents
were expressed as pg/g dry weight (dw). The calibration equation was y = 7210x + 9660,
coefficient of determination (R?) was 0.9997. The limit of detection (LOD) was 0.095; limit
of quantification (LOQ) was 0.42.

2.5. Antioxidant Activity of Microcapsules

The antioxidant activity of microcapsules and gel tablets were analyzed by spectropho-
tometric ABTS, DPPH and FRAP assays. ABTS, DPPH and FRAP methods were performed
in the same as described in our previous study [17].

The ABTS method was initially reported by Miller and colleagues. It is based on
the ability of an antioxidant to stabilize the ABTS colored cation radical, which can be
previously formed by the oxidation of ABTS by methemoglobin and hydrogen peroxide [23].
Briefly, the test solution was prepared by mixing 2 mL of ABTS working solution with
200 pL of each test sample. The mixture was stored in a dark at room temperature for
30 min. The change in absorbance of the mixture was measured with a spectrophotometer
at 734 nm. The calibration curve was obtained with a Trolox. The results were expressed as
Trolox equivalents per gram dry weight (TE/g dw).

The DPPH method was first reported by M. Blois [24]. DPPH free radical scavenging
is an accepted mechanism for screening antioxidant activity. The method used 2.0 mL of
prepared DPPH solution mixed with 2.0 mL of the test samples. The reaction mixture was
mixed and then incubated in the dark for 30 min. The absorbance was read at 517 nm.
The calibration curve was obtained with a Trolox. The results were expressed as Trolox
equivalents per gram dry weight (TE/g dw).
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The FRAP assay was established by Benzie and Strain (1996) [25] and was used to
determine the reducing activity in the plant raw material. The FRAP working reagent
was prepared using 0.3 M acetate buffer, 10 mM TPTZ solution with 40 mM HCl, and
20 mM ferric chloride solution. A 10 uL. amount of test sample was mixed with 200 uL of
FRAP reagent and left in the dark. After 1h, the absorbance of the mixture was measured
at 593 nm. The calibration curve was obtained with ferrous sulphate. The results were
expressed as ferrous sulphate equivalents per gram dry weight (FS/g dw).

2.6. Gel Tablets Preparation
2.6.1. Gelatin Gel Tablets’ Preparation

Gelatin was poured with water and glycerol solution and left for 20 min to swell. In
the porcelain dish apple juice, apple puree, and fruit powder were mixed. Gelatin was
dissolved using a water bath (the temperature of gelatin mass was 50-60 °C) and the mass
of the fruit was added to it. Microcapsules (5% w/w) were added in the gelatin gel mass,
then poured into silicone molds and kept for 4 h in the refrigerator. After that gel tablets
were taken out and kept in a plastic container at room temperature. The composition of
gelatin gel tablets is given in Table 2. Although apple juice and apple puree were prepared
in the laboratory, the products had no added sugar.

Table 2. Gelatin gel tablets composition.

Ingredient Amount (%)
Apple juice 38.8
Apple puree 14.9
Banana powder 20.7
Gelatin 7.3
Water 10.3
Glycerol 8.0

2.6.2. Pectin Gel Tablets Preparation

Five different compositions of pectin gel tablets were prepared (Table 3). First, apple
juice, apple puree and other ingredients (except citric acid and pectin) were mixed and
heated up to 40 °C. Pectin was added to the warm mass and dissolved. Next, mass was
heated up to 100 °C and citric acid was added. Microcapsules (5% w/w) were added
to the pectin gel mass, then poured into silicone molds and kept for 24 h at room tem-
perature. After that pectin gel tablets were taken out and kept in a plastic container at
room temperature.

Table 3. Pectin gel tablets” composition.

Sample
Ingredient A B C D E
Amount (%)

Apple juice * 76.2 65.2 46.1 404 -
Apple puree * 20.3 253 414 232 55.7

Blackcurrant puree * - - 9.5 - -

Buckthorn puree * - 6.3 - - -
Banana powder - - - - 29.3

Lingonberry powder - - - 154 -
Pectin 2.0 17 15 2.0 2.0
Citric acid 50% solution 15 15 15 15 2.0
Water - - - 175 115

* Ingredients were prepared in the laboratory, the products had no added sugar.
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2.7. Gel Tablets” Physical Parameters Determination

Firmness, springiness, hardness, and stickiness were measured (n = 3) by a texture
analyzer, Ta.XT.plus (Texture Technologies, New York, NY, USA).

The parameters of texture were: return speed 10 mm/s; force 1 g; strain 50%; pre-test
speed 1.00 mm/s; test speed 1.00 mm/s; post-test speed 10 mm/s; hold time 60 s; and
trigger force 5.0 g.

2.8. Statistical Analysis

Data were analyzed using SSPS version 20.0 (IBM Corporation, Armonk, NY, USA).
Physical parameters, antioxidant activity, total phenolic and flavonoid content experiments
were performed three times. Data are expressed as mean =+ standard deviation (S.D.).
Comparisons between three different measurements were made using Friedman and
Wilcoxon tests. In addition, comparisons between the two groups were made by the
Mann-Whitney U test. The results were considered statistically significant at p < 0.05.

3. Results and Discussion
3.1. Preparation of Microcapsules and Physical Parameters Evaluation

Core material (red clover, liquorice extract and nutmeg essential oil) for spray-drying
was obtained as explained in section “materials and methods”, using extraction techniques
that have been developed previously to produce the largest numbers of isoflavones daidzein
and genistein, saponin glycyrrhizin and main volatile monoterpenes found in nutmeg
essential oil a-pinene, sabinene, B-myrcene and B-terpinene.

For lyophilization and spray drying the exact formulations of emulsions were used to
prepare microcapsules.

3.1.1. Evaluation of Differently Prepared Microcapsules Yield, Moisture, and Quality

After the production of microcapsules LM and SDM, the powder’s yield, moisture
content and technological properties were evaluated (Table 4). The formulation of the
microcapsules was the same.

Table 4. Physical microcapsules’ parameters.

Samples Yield, % Moisture, % Carr Index, % Hausner Ratio Value
LM 85.34 +3.17* 445+023* 20.83 1.263
SDM 4512 +7.81 3.24 +0.36 38.71* 1.632*

* The difference between samples’ parameters statistically significant at p < 0.05.

The yield was 85.34% when preparing microcapsules using the lyophilization method
and using spray-drying—45.12%. Results from the lyophilization method were much better.
According to the findings, a severe buildup of the material on the cyclone walls of the
spray dryer caused lower yields to be obtained by spray-drying than by lyophilization.
Nevertheless, the moisture content in the SDM samples were significantly lower than
LM’s. The moisture parameter is crucial because it can influence powder’s other physical
parameters like flowability. According to published research, moisture content ought to fall
below 4-5% and water activity should be below 0.20-0.25 to ensure stability [26]. Therefore,
even though SDM moisture is lower than LM, it does not exceed the possible moisture limit.

The flowability of LM and SDM samples were different. According to compressibility
index and Hausner ratio LM microcapsules’ powder was of fair quality, but SDM has very
poor flowability (Table 4). Index’s and Hausner ratio values are presented in the Monograph
of the European Pharmacopoeia [27]. Powders with higher moisture and irregular form
have worse flowability [28]. In the pharmaceutical industry, powder flowability is a crucial
parameter that affects manufacturing efficiency because of layer generation capabilities and
content uniformity [29,30]. Consequently, preparing the powders flowability parameter
should be a priority to produce quality product.
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The shape of LM and SDM microcapsule powders differed. Both samples’ microcap-
sules shapes and sizes were unequal. However, LM sample shapes were bigger compared
with the SDM sample. Whereas spray-dried microcapsule powder featured small splinter-
shaped particles and a spherical shape, freeze-dried microcapsule powder had an irregular
form, like shattered glass (Figure 1). These irregularities in shape can be one of the reasons
why powders did not have had excellent flowability.

Figure 1. Structure of microcapsules (microscope magnification 100 times, (A)—LM microcapsules,
(B)—SDM microcapsules).

3.1.2. Microcapsules’ Solubility and Essential Oil Particles” Distribution

Spray-dried microcapsules had a solubility of 95.16%, while lyophilized microcapsules
had a solubility of 94.69%. Spray-dried microcapsules were more soluble, nevertheless,
the differences were statistically insignificant (p > 0.05). It is possible that particle size
affected solubility.

Encapsulated essential oil (Myristica fragrans Houtt.) particle size and distribution
were determined using a Mastersizer 3000. The particles produced using lyophilization and
spray drying were 13.51 um and 7.33 um, respectively, expressed as D [4,3] (De Brouckere
mean diameter).

From the graph provided in Figure 2, part A, uniformity in essential oil is irregular
in LM microcapsules, while in part B it is more even. Uniformity is a measure of absolute
deviation from the median, LM sample uniformity was 0.533 and SDM 0.379. Therefore, LM
essential oil particles’ sizes (in microcapsules) had a wider distribution range compared to
the SDM samples. As mentioned before, this is influenced by the fact that the microcapsules
obtained during lyophilization were broken glass-shaped, while spray-dried microcapsules
were more rounded.
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Figure 2. Essential oil particles” distribution in microcapsules (A)—LM microcapsules, (B)—SDM
microcapsules.

3.2.1. Antioxidant Activity of Microcapsules

Red clover extracts, that are used in both microcapsules’ formulation, contains phenols—
isoflavones, which have been shown to have wide varieties of biological activities such
as antibacterial, antiviral, antioxidant and anti-inflammatory [35]. Glycyrrhizin found in
liquorice extract has been reported to possess anti-inflammatory, and antioxidant activities
and can stimulate endogenous production of interferons [36]. These two extracts also
contain a variety of other phenolic compounds, which may be lost to evaporation, thermal
decomposition, or chemical and enzymatic degradation. According to studies, the main
process causing the reduction in polyphenol concentration is due to the latter factors [37].

All the results obtained with LM samples were significantly higher compared to SDM
samples obtained using spray-drying. Total phenolic content determined in the LM sample
was 11.47 £ 0.01 mg GA/g dw and SDM 8.56 + 0.42 mg GA /g dw. Therefore, the freeze-
drying process was less harmful for phenols than spray-drying. These results agree with
those reported in the literature; however, it was stated that both drying processes led to
a partial loss of compounds like small molecular carbonyls, furans, and phenols [38]. In
another study it was reported that freeze drying can generate a more significant amount of
isoflavone powder from soybean cake than vacuum drying and spray drying [39].

Similar results for phenolic content was observed for total flavonoid content. LM
results were higher compared to the same formulation sample SDM (Table 5). All the phe-
nolic content results correlated with antioxidant activity determined using three different
methods (DPPH, ABTS and FRAP). All the results obtained with the LM samples were
statistically higher than SDM (p < 0.05). Comparing both samples’ preparation methods,
antioxidant activity of samples prepared using freeze drying (LM) were 29.48% higher
than SDM (ABTS method); the FRAP method resulted in LM being 31.34% higher than
SDM; the DPPH method showed that LM samples were 40.45% higher. These results were
similar to other research. In the study of Koffi et al., it was found that samples prepared
using lyophilization and freeze-drying methods from Justicia secunda leaves” polyphenols
content and the antioxidant capacity of freeze-dried extract were higher than those of
spray-dried extract. Additionally, freeze-dried powder gave better recovery yields [40].
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Table 5. Total phenolics, flavonoids content and antioxidant activity of microcapsules.
Sample Total Phenolic Content, Total Flavonoids Content, DPPH, ABTS, FRAP,
P mg GA/g dw mg RU/g dw ug TE/g dw ug TE/g dw mg FS/g dw
LM 11.47 £0.01* 7.56 +0.02* 8.85 4+ 0.01 * 136.73 £ 0.73 * 252,62 £ 0.01*
SDM 8.56 & 0.42 5214022 5.27 +£0.02 96.41 £+ 0.93 173.25 + 0.25

* The difference between samples parameters statistically significant at p < 0.05.

3.2.2. In Vitro Release of Active Compounds from Microcapsules

Since the lyophilized powder’s yield and encapsulation were more efficient than the
spray-dried powder, further studies were performed with only LM microcapsules’ powder.
The release was performed for 180 min (90 min in simulated gastric medium and 90 min in
simulated intestine medium). Nevertheless, microcapsules fully dissolved after 30 min in
intestine media, therefore, the results of main compound release in graphs are present until
120 min.

Although genistein has moderate intestinal absorption, larger doses could not be
absorbed because of their poor solubility, necessitating the requirement of appropriate
nutraceutical formulations. One of the main causes of genistein’s limited oral bioavailability
is likely to be extensive metabolism [41]. However, orally administered genistein is more
bioavailable than daidzein in foods and drinks. Regardless, different pharmacokinetics of
daidzein have been reported. Still, these limitations of interpreting the findings relate to
whether data from administration of pure compounds can really be translated to isoflavones
contained within the food matrix [42-44].

It was suggested that glycyrrhizin from liquorice roots can be a potential bioactive
constituent for managing oral diseases, when applied locally. However, it also can be
administered orally, but it is metabolized to glycyrrhetinic acid by intestinal bacteria
which contain 3-D-glucuronidase, and that can cause side-effects as hypokalemia and
hypertension [45,46].

The rate at which essential oils are required to be released from encapsulations differs
depending on the application.

Microencapsulation protects volatile compounds from environmental exposure for a
more extended period of time [47,48]. Spray-dried microcapsules with nutmeg essential
oil did not lose their characteristic aroma when stored at room temperature for a month,
and 4 active volatile compounds out of 11 (identified compounds in the essential oil)
were identified [49]. The main volatile compounds identified in microcapsules (in this
study) were: x-pinene, which modulates antibiotic resistance, by reducing the MIC value
of ciprofloxacin, erythromycin, and triclosan, up to 512 times [50]; sabinene, which has
anti-oxidant and anti-inflammatory properties and could be a potential compound for
skeletal muscle atrophy prevention [51]; 3-myrcene, which has potential analgesic, sedative,
anti-diabetic, antioxidant, anti-inflammatory, antibacterial, and anticancer effects [52] and
-terpinene, which has an anti-inflammatory effect and inhibits the production of pro-
inflammatory mediators [53].

After evaluating the release of the active compounds from microcapsules, it was
found that microcapsules dissolve fully in intestinal medium after 60 min and glycyrrhizin,
daidzein and genistein also dissolve. The concentrations of compounds after 120 min
after release was 428.25 pug/mlL, 235.63 ug/g and 91.36 ug/g (glycyrrhizin, daidzein and
genistein, respectively) (Figure 3). The lowest concentration of all the compounds was
genistein. In gastric medium, isoflavones, daidzein, and genistein were released gradually
as well as in the intestinal medium. Regardless, glycyrrhizin release was most intense
between 60 and 90 min (Figure 3).
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Figure 3. Main compounds (glycyrrhizin, daidzein and genistein) released in vitro from red clover
and liquorice microcapsules.

The percentage of monoterpenes is calculated based on the concentrations of com-
pounds identified in the essential oil. The maximum number of essential oil compounds
was determined after 30 min—later their amounts decrease. Sabinene is released the
most—58.51% (after 30 min), the results are presented Figure 4.
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Figure 4. Monoterpenes’ release from nutmeg essential oil-loaded lyophilized microcapsules (%).

The spray-drying method is more popular than lyophilization, the release of active
compounds of nutmeg essential oil loaded microcapsules is determined for powders
produced by the spray-drying method [49,54,55].

3.3. Gel Tablets Preparation and Physical Parameters’ Determination and Release in
Simulated Media

Gelatin base chewable gel tablets were prepared based on previous studies’ results [22,56]
and the microcapsules were added. For the pectin gel tablets, five compositions were
modelled and one (C, Table 3) was chosen for the following research.

The best composition was selected by the appearance and flavor of the tablets (E
tablets were very hard, A and B were soft and were not taken out from the form without
mass loss, and D lacked flavor intensity; compositions are shown in Table 3). Both tablets’
bases were prepared without added sugar. Gel tablets had appearance differences: gelatin
tablets had smooth surface, while pectin was rough (Figure 5).
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Figure 5. Gel tablets” appearance (A) gelatin gel tablets; (B) pectin gel tablets.

Citric acid was used as a flavor corrigent in gelatin base tablets, however, it was used
as a gelification initiator [57] in pectin base tablets. HM pectin forms physical gels at
pH < 3.5 [58]. Solid materials in the composition also influenced gel texture [59].

3.3.1. Physical Parameters’ Comparisons of Gel Tablets with Different Bases

The texture of tablets is significantly affected by different polymers. Compared to
pectin tablets, gelatin tablets were less firm and harder, but more elastic. Pectin base tablets
with lyophilized microcapsules were firmest and hardest compared with other samples
(Table 6). Microcapsules reduced the stickiness of gelatin base tablets by 68% after the
addition of microcapsules.

Table 6. Chewable gel tablets texture properties depending on the base.

Samples Mass of the Sample Firmness (g) Stickiness (g) Hardness (g) Springiness (%)

ra 5.51 + 0.67 1027.8 4 179.04 *** —24.39 £+ 1.85 *** 609.3 4 233.03 *** 41.79 £+ 0.74 ***
PLM 6.04 £ 0.58 1303.3 + 377.28 * —27.25 +15.15 798.09 £ 201.12 38.38 +0.23 *
GP 573 £0.25 895.12 + 62.78 —20.23 +£5.92 738.27 £27.24 64.58 + 1.35
GLM 5.77 £ 0.36 548.69 £ 12.63 ** —34.04 £291* 549.51 £ 11.36 ** 68.02 £ 2.53

2—control pectin base gel tablet, b__control gelatin base tablet. * p < 0.05 versus pectin base tablets, ** p < 0.05 versus
gelatin base tablets, *** p < 0.05 versus gelatin base tablet.

Compared microcapsules” influence on tablet texture was evaluated and microcapsules
increased the firmness and hardness of tablets. Nevertheless, the stickiness decreased, and
tablets were less sticky. The correlation of springiness was not determined, pectin tablets
were less elastic than gelatin (compared with pectin and gelatin base control tablets, respectively).

Microcapsules” tablets increased firmness and hardness (about 27% and 31%, respectively)
in the pectin base, nevertheless, gelatin tablets were soft (about 63% and 34%, respectively).

In other studies, the firmness and springiness of chewable gel tablets with gelatin was
375.45 g and 74.09% (27% of the sugar was in composition) [56]. Gel tablets with 7% of
gelatin and 70% of sweeteners springiness was 97.5% [60]. The texture results of gel tablets
are compared with those of tablets of similar composition. It can be concluded that natural
fruit powder significantly changed the texture of gel tablets.

Pectin base gummies had about 612 N of hardness (1.5% of pectin and 50% of sweet-
eners were in composition; 100 g of sample was pressed) [61]. It is too difficult to compare
this study’s results with other data because a different texture test was applied and gel
tablets with pectin are less popular than gelatin.
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3.3.2. Release of Active Compounds from Different Bases Gel Tablets

Two different methods evaluated the concentrations of active compounds. Isoflavones
and glycyrrhizin were determined by HPLC and monoterpenes—HS-GC-MS.

The highest concentrations of active compounds were determined in pectin base
tablets: 9.1% of glycyrrhizin, 30.66% of daidzein and 53.32% of genistein. These compounds
released gradually from the tablets and their amount increased depending on the duration
of the study (Figure 6).
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Figure 6. Isoflavones and saponin release from nutmeg essential oil-loaded lyophilized microcapsules
(%); (A) gelatin gel tablets; (B) pectin gel tablets.

The last test sample was obtained after 360 min when the chewable tablets in the gut
juice disintegrated. This test was performed to calculate the effectiveness of gel tablets.
The effectiveness of the pectin tablet encapsulation was 71.36 & 4.22% for glycyrrhizin,
72.03 & 6.84% for daidzein and 64.83 & 2.37% for genistein. In the gelatin tablet, active
compounds’ release effectiveness was 63.41 + 3.64% for glycyrrhizin, 61.78 4 4.23% for
daidzein and 60.11 + 3.82% for genistein. The concentration of active compounds was
lower in gelatin tablets compared to pectin. Incomplete relaxation of the compounds may
be due to ballast materials (used puree, pectin, gelatin), temperature during production,
and incomplete solubility of compounds in gut media.

Most of the monoterpenes were released after 30 min. (they are volatile compounds,
so during a long experiment, their evaporation is not prevented) (Figure 7). The highest
amount was of B-terpinene. The highest amount of compounds were released from pectin
base tablets (p < 0.05) except for sabinene, as its maximum amount was released from the
gelatin base (p > 0.05).

Figure 7. Monoterpenes’ release from nutmeg essential oil-loaded lyophilized microcapsules (%);
(A) gelatin gel tablets; (B) pectin gel tablets.
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According to other studies, the maximum release of essential oil compounds was
found after 30 min. (gelatin-based chewable gel tablets), however, other compounds
had been identified [56]. The amount of volatile compounds from essential oils after
360 min was not investigated, because already after 60 min in gut media, the amount of
compounds decreased strongly, and due to evaporation of the compounds, this study was
not appropriate.

This technology with pectin based chewable tablets with lyophilized microcapsules
can be applied in the development of pharmaceutical products. They can be adapted
according to extracts and essential oils that are microencapsulated, and for biological
activity (antiviral, antibacterial and antioxidant [17]). This technology is easily applicable
to other essential oils and extracts, as the active compounds are preserved, including
thermolabile compounds.

4. Conclusions

The microcapsules obtained by the lyophilization, and spray-drying methods showed
different properties, although they were produced using the same formulation. Significant
differences were found between the form, yield, and antioxidant activity. Lyophilized
microcapsules had better properties, which led to their further use in the study.

The polymer Influenced tablet texture and active compounds' release. Chewable
gelatin tablets were soft and elastic, while pectin tablets were hard, firm, and less sticky.
Lyophilized microcapsules had a statistically significant influence on tablet parameters
compared with control pectin tablets. Active compounds were released in larger quantities
from pectin-based tablets. There was no statistically significant difference in the amount of
compounds released in the gastric and intestinal media, the release of the compounds was
significantly affected by the duration of the study. The method and formulations of freeze-
dried microcapsules in pectin or gelatin base are appropriate for use in the pharmaceutical
or food industry for effective flavor (with no added sugar) or active substances’ release dur-
ing oral administration. Additionally, the chewable tablet with lyophilized microcapsules
technology is easily applicable for other substances sensitive to environmental factors.
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Abstract: Adding certain excipients during the extraction process can enhance the concentration of
target compounds, leading to potentially increased biological properties of the plant extract. This
study explores the impact of PVP/VAC and SSG excipients on red clover bud extracts, aiming to
enhance their concentration of target compounds and, consequently, their biological properties. The
antioxidative potential was evaluated using DPPH, ABTS, and FRAP methods, and the chemical
profile was determined using mass spectrometry. Antibacterial activity against various strains was
determined through the minimal inhibitory concentration (MIC) method. The results revealed that the
excipient-enriched samples exhibited significantly elevated antioxidant activities as well as phenolic
and flavonoid contents compared to control samples. Notably, sample V1E3 demonstrated the highest
antioxidant potential, with 52.48 + 0.24 mg GAE/g dw (phenolic content), 463 + 6.46 ug TE/g dw
(ABTS), 12.81 £ 0.05 ug TE/g dw (DPPH), and 29.04 & 1.16 mg TE/g dw (post-column ABTS). The
highest flavonoid content was found in the S1E3 sample—24.25 4 0.17 mg RU/g dw. Despite the
increased antioxidant potential, no significant variance in antimicrobial activity was noted between
the test samples and controls. This implies that excipients may hold the potential to enhance the
biological properties of red clover extracts for pharmaceutical applications. These findings contribute
valuable insights into optimizing extraction processes for improved functionality and application of
plant-derived compounds in therapeutic formulations.

Keywords: excipients; red clover; Trifolium pratense; isoflavones; polyphenols; polyphenolic
activity; extraction

1. Introduction

Polyphenolic compounds in plant extracts are known for their radical scavenging
capacity and antioxidant activity, with flavonoids being one of the phenol groups that
possess a wide range of biochemical and pharmacological actions such as anticarcinogenic,
antiviral, antimicrobial, antithrombotic, anti-inflammatory, and antimutagenic activities [1].
Flavonoids act as free radical scavengers, making them effective antioxidants in oils, fats,
and emulsions [2]. Isoflavones, especially genistein and daidzein, like flavonoids, also pos-
sess antioxidant activities and are found mainly in legumes. In the past decade, extensive
research has focused on various plant extracts that are rich in isoflavones due to their po-
tential protective effects against a range of disorders. These include cardiovascular disease,
cancer, hyperlipidemia, menopause symptoms, osteoporosis, and diabetes. Additionally,
these extracts exhibit diverse bioprotective properties such as antioxidant, antimutagenic,
anticarcinogenic, and antiproliferative activities [3-6].
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Nowadays, soybeans and soy-derived foods are a major source of isoflavonoids in
human nutrition. However, due to the allergenic nature of many soy products and the
difficulty in obtaining genetically modified organism-free soybeans, there is a need for
alternative sources of isoflavonoids. Among the alternative sources of isoflavones is red
clover (Trifolium pratense L.), which has recently received considerable interest as a potential
source of health-enhancing isoflavones [7-10]. A study found that 36% of the total red
clover extract was identified. Within this analysis, 22 compounds were identified. Notably,
the extract consisted of 35.54% isoflavones, 1.11% flavonoids, and 0.06% pterocarpans,
while coumarins and tyramine were detected in trace amounts (<0.03%) [11]. It is of the
utmost importance to study the antibacterial and antioxidant properties of red clover flower
samples’ phenolic components, particularly isoflavones, which are known to protect against
several conditions. With antibiotic resistance becoming a global concern, plant extracts
and phytochemicals with known antimicrobial properties are significant for treatment and
prevention [12].

Plants accumulate a multitude of phenolic compounds that may interact synergistically
or antagonistically. Phenolic compounds exhibit synergistic or antagonistic interactions
due to their diverse structures and functional groups. Similar structures and functional
groups lead to cooperative effects, especially when compounds target the same receptors,
enhancing their overall effects; e.g., isoflavone phytoestrogens have estrogen receptor
binding abilities [13]. Conversely, antagonistic interactions may occur when compounds
compete for binding sites. Phenolic compounds, known for their antioxidant properties,
can demonstrate synergy in combined effects, while antagonistic interactions may result
from interference with their antioxidant activity. These compounds also modulate enzy-
matic activity, showing synergy in collectively enhancing or inhibiting enzyme pathways.
However, antagonistic interactions may arise if compounds interfere with each other’s
impact on enzymatic processes. Additionally, phenolic compounds can disrupt or enhance
cellular metabolic pathways, with synergistic or antagonistic effects depending on their
collective impact [14-16].

However, the extraction conditions could potentially degrade these compounds, or the
properties of the solvent employed might hinder their efficient extraction from the plant.
Using excipients in extraction media can help increase the yields of target compounds
depending on their mechanism of action.

Previous research has shown that the use of sodium starch glycolate (S5G) and
polyvinylpyrrolidone-vinyl acetate copolymer (PVP/VAC) increases the yield of the
isoflavones daidzein and genistein; therefore, the excipient’s effect was determined by
comparing the antioxidant potential and microbial activity of the red clover extracts [17].
This was due to the fact that modern carriers with a large surface area and high absorption
capacity can help improve the oral bioavailability of poorly water-soluble drugs. Incor-
porating higher doses of these compounds into liquid-solid systems makes them more
soluble and can improve bioavailability.

SSG, a commonly used super-disintegrant, accelerates the disintegration and dissolu-
tion of solid dosage forms, being FDA-approved for both prescription and over-the-counter
medications [18,19]. SSG is produced through the chemical modification of starch, specif-
ically carboxymethylation, for heightened hydrophilicity and cross-linking to decrease
solubility [20].

SSG functions as a super-disintegrant by swiftly absorbing water, swelling, and ex-
erting mechanical stress on the tablet matrix, facilitating rapid disintegration. Its swelling
properties improve water penetration, aiding active ingredient dissolution. Optimiza-
tion involves considerations such as particle size, degree of substitution, and concen-
tration, while factors like pH, temperature, and compression force offer insights into
disintegration and dissolution, with higher pH values and temperatures enhancing its
effectiveness [19,21].Thus, reflux (high temperatures) and ultrasound aid in faster
solvent dissipation.
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PVP/VAC is a commonly used excipient in the pharmaceutical industry. It is soluble
in both water and alcohol and is valued for its ability to improve the solubility of poorly
soluble compounds by reducing particle size and increasing surface area for dissolution [22].
The copolymer can serve as a carrier or stabilizer for drug molecules, averting aggregation
and maintaining an amorphous state that is conducive to dissolution and absorption in the
body [23]. Daily dosage recommendations stand at 100 mg per tablet (10% in a 1000 mg
tablet) for high consumers, with anticipated exposures of 200 mg PVP/VAC/day for
children and 700 mg PVP/VAC for adults [22]. Comprising 1-vinyl-2-pyrrolidone and vinyl
acetate in a 6:4 mass ratio, the current literature on PVP/VAC indicates solid dispersion
preparation as a predominant approach to enhance the solubility and bioavailability of
water-insoluble drugs [24-26].

By conducting a comparative analysis with a control group lacking these excipients,
we investigated whether the inclusion of PVP/VAC and SSG could enhance the biological
and microbial activity of the plant extract. This is the first study to investigate the effect
of PVP/VAC and SSG excipients on plant biological activity. Consequently, it contributes
valuable insights to the scientific understanding of the role played by these excipients in
the development of red clover-based medicinal applications.

Therefore, this study aimed to determine the excipient’s effect by comparing the
antioxidant potential and microbial activity of the red clover extracts prepared using
excipients and without them.

2. Materials and Methods
2.1. Plant Material and Reagents

Red clover samples were harvested in Laic¢iai, Kupiskis district, Lithuania, on 31 July
2021. Prior to extraction, the flower buds were ground to a fine powder using an Ultra-
Centrifugal Mill ZM 200 (Retsch, Haan, Germany). The grinding parameters included a
force of 4025 g and a 0.5 mm trapezoid-hole sieve. Subsequently, the moisture content
of the milled red clover was assessed using an MLB apparatus (KERN & Sohn GmbH,
Balingen, Germany).

In this study, purified water was prepared using GFL2004 (GFL, Burgwedel,
Germany), while deionized water was obtained from Millipore, SimPak 1 (Merck, Darm-
stadt, Germany). The excipients utilized in the samples included a vinylpyrrolidone-vinyl
acetate copolymer (PVP/VAC) (Molecular weight~50,000) sourced from Yigitoglu Kimya,
Istanbul, Turkey, and sodium starch glycolate (SSG) (Molecular weight~515.6862) acquired
from Sigma-Aldrich, Taufkirchen, Germany.

To obtain standardized isoflavone samples, genistein, genistin, daidzein, and daidzin
(Sigma Aldrich, Steinheim, Germany) were employed. A mixture of 2.21 mg of genistein
and 2.18 mg of daidzein was prepared in 96% ethanol, while 3.30 mg of genistin and
3.03 mg of daidzin were mixed with 1 mL of DMSO and then diluted up to 10 mL using
96% ethanol.

Various reagents were employed in the experiment, including 96% ethanol (Vilni-
aus Degtine, Vilnius, Lithuania), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), aluminum chloride, hexaethylenetetramine,
dimethyl sulfoxide (DMSO), acetic acid, and Sabouraud dextrose agar (dehydrated) ob-
tained from Sigma-Aldrich (Buchs, Switzerland). Additionally, potassium persulfate was
procured from Alfa Aesar (Karlsruhe, Germany), while monosodium phosphate, ferrous
sulfate heptahydrate, saline phosphate buffer, and hydrogen peroxide were sourced from
Sigma Aldrich (Schnelldorf, Germany). Furthermore, disodium hydrogen phosphate was
obtained from Merck (Darmstadt, Germany), and 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH) and Mueller-Hinton Agar (BBL, Baltimore, MD, USA) were also utilized.
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2.2. Preparation of Red Clover Extracts and Sample Coding System

The extraction procedures followed the methodology outlined by Kazlauskaite et al. in
a previous study [17]. Two extraction methods were employed: ultrasound combined with
thermal hydrolysis, with varying ultrasound processing times, and heat-reflux extraction.

For the heat-reflux extraction, dried and milled flower heads were combined with
solvent (either 50% ethanol v/v or purified water) in a round-bottom flask. The sample was
refluxed in a sand bath at a solvent boiling temperature for 1 h and then cooled to room
temperature. Following cooling, the sample underwent centrifugation, decantation, and
filtration through PVDF syringe filters (pore size 0.22 um, Frisenette, Knebel, Denmark).

Ultrasound-assisted extraction with thermal hydrolysis involved the use of an ul-
trasound bath (38 kHz) (Grant Instruments™, XUB12 Digital, Cambridge, UK) and a
procedure similar to the heat-reflux method. The extraction involved macerating dried
and milled flower heads in a solvent. Different conditions were applied, including the
solvent type (50% v/v ethanol and purified water) and extraction time (10 or 30 min), with
a processing temperature of 40 + 2 °C. After processing, the sample was transferred to a
round-bottom flask and refluxed in a sand bath for 1 h. Subsequently, the supernatant was
treated as in the heat-reflux method.

The main samples in the experiment were prepared with excipients, PVP/VAC and
SSG under the same conditions as previously mentioned, using either heat-reflux or
ultrasound-assisted extraction with thermal hydrolysis. Purified water or 50% ethanol
(v/v) served as the solvent, and the excipient was added to the extraction mixture along
with the plant material. The PVP/VAC concentrations in the samples ranged from 1-5%
(w/v in water) and 1% (in ethanol), while the SSG concentration was maintained at 1%
(w/v in water and ethanol). Although the SSG concentration was increased to 5%, the
resulting samples were too viscous for experimentation. Notably, all the excipients were
removed from the extract during filtration, ensuring the absence of PVP/VAC or SSG in the
final products.

The sample names comprised 4 characters: the first being a letter indicating the
excipient (V for PVP/VAC and S for SSG), followed by the excipient concentration (V1 or
V5 for PVP/VAC and S1 for SSG). The last letter indicated the solvent used (E for ethanol
and W for water), with the number indicating the extraction conditions: 1 for reflux alone,
2 for reflux combined with 10 min ultrasound processing, and 3 for reflux combined with
30 min ultrasound processing.

Thus, if the sample is prepared with PVP/VAC 5% in water using reflux, the sample
code will be V5W1. If these are control samples, there is no excipient letter in the code.
Figure 1 shows a simplified coding scheme.

(
EXCIPIENT: EXCIEAENT SOLVENT: EXIRACTION
CONCENTRATION: PARAMETRES:
-------- -
lv-mnw:. 1 E-ethanol = | [y======== -
________ - 1-1% v t!.—reﬂu: ]
gigew 0 | LEeEdamiaas W water | I==sT=ss -
5-5% 4] |‘=======- - 2 —reflux + UA 10 min

3 — reflux + UA 30 min

\Y%

Figure 1. Schematic coding system of the samples.
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2.3. Determination of Total Phenolic and Flavonoid Contents

The determination of the total phenolic content was carried out according to
Dewanto et al. [27]. Folin-Ciocalteu’s phenol reagent, along with 7% (w/v) sodium car-
bonate, was employed for the reaction. The absorbance was measured after 1 h using a
spectrophotometer (765 nm) (Shimadzu UV-1800, Kyoto, Japan). The calibration curve
used gallic acid (0-0.1 mg/g; y = 11.108; R? = 0.9981). The results were reported as gallic
acid equivalent per gram dry weight (mg GA/g dw).

For flavonoid content determination, the extract was mixed with 96% (v/v ethanol,
33% acetic acid, 10% aluminum chloride, and 5% hexaethylenetetramine solutions in a
test tube. A spectrophotometric analysis was conducted after 30 min (475 nm) using
a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). The flavonoid content was
expressed as rutin equivalent mg RE/g dw (milligrams of standard antioxidant Rutin
equivalents per gram of dry weight) and calculated using the following formula: TEC = C
x Ve x F/M, where TFC represents the total flavonoid content in mg RE/g dw, C is the
concentration of the standard used in mg/L, Ve is the volume of the solvent used in L, F is
the dilution coefficient of the sample, and M is the mass of the sample in g. The calibration
curve was established with rutin (0-0.5 mg/g; y = 5.0867; R? = 0.9985).

2.4. Antioxidant Activity
2.4.1. ABTS and DPPH Radical Scavenging Activity Assays

The ABTS radical was generated through the oxidation of ABTS with potassium
persulfate [28]. The results were expressed as Trolox equivalent pug TE/g dw (micrograms
of standard antioxidant Trolox equivalents per gram of dry weight). The calibration curve
was obtained using Trolox (0-0.5 mg/g; y = 0.0001728x; R? = 0.9832).

A DPPH working solution (0.1 mM in ethanol) was prepared, and the reaction proce-
dure followed the method described in a study by Gémez-Alonso et al. [29]. The calibration
curve was obtained using Trolox (0-0.016 mg/g; y = 0.00623x; R? = 0.9923). The results
were expressed as Trolox equivalent ug TE/g dw (micrograms of standard antioxidant
Trolox equivalents per gram of dry weight).

2.4.2. Ferric Reducing Antioxidant Power (FRAP)

The sample was mixed with FRAP reagent as described in a previous study [30]. The
calibration curve was obtained using ferrous sulfate (0-1 mg/g; y = 2.6272; R? = 0.9985). The
results were expressed as ferrous sulfate equivalent mg FS/g dw (milligrams of standard
ferrous sulfate equivalent per gram dry weight).

2.5. Antimicrobial Activity

The antimicrobial activity was assessed using the diffusion method on solid nutrient
media, specifically Mueller-Hinton agar (BBL, Baltimore, MD, USA). Standard reference
microorganisms from the ATCC (American Type Culture Collection) were employed to
evaluate the antimicrobial efficacy of the tested extracts. Cultures of non-spore bacteria,
including Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228),
Enterococcus faecalis (ATCC 29212), Escherichia coli (ATCC 25922), Klebsiella pneumoniae
(ATCC 13883), Pseudomonas aeruginosa (ATCC 27853), and Proteus vulgaris (ATCC 8427),
were cultivated for 20-24 h at 35-37 °C on the agar.

Bacterial suspensions were prepared from these cultivated cultures in sterile physi-
ological sodium chloride (0.9%) solution and standardised using a McFarland standard
indicator. Standardisation was achieved when the indicator value reached 0.5, indicat-
ing that 1 mL of the bacterial suspension contained approximately 1.5 x 108 cells of
the microorganism.

Standard cultures of Bacillus cereus (ATCC 11778) spore bacteria were cultivated for
7 days at 35-37 °C on Mueller-Hinton agar. Following bacterial growth, the spore bacteria
culture was carefully rinsed from the surface of the medium using a sterile physiological
solution. The resulting suspension underwent a 30 min heat treatment at 70 °C and
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was subsequently diluted with physiological saline until the spore concentration reached
10 x 10°-100 x 10° per 1 mL.

Candida albicans (ATCC 10231) fungus standard cultures were grown for 20 to 24 h at
30 °C over a span of 72 h on Sabouraud dextrose agar. A fungal suspension was prepared
from these cultivated cultures in physiological saline and standardised using a McFarland
standard.

Different concentrations of red clover extract were dispensed into Petri dishes. Subse-
quently, 5 mL of 45 °C liquid Mueller-Hinton agar was added to each sterile Petri dish and
thoroughly mixed with the added sample volumes. Once the agar solidified, suspensions
prepared from reference microorganisms were inoculated into segments within the Petri
dishes. The bacterial cultures were then incubated with samples in a thermostat for 20-24 h
at 35 °C, followed by an additional 24 h of storage at room temperature.

The antimicrobial activity of the red clover flowers’ ethanolic and aqueous extracts
and antibiotics such as penicillin, ciprofloxacin, ampicillin, amoxicillin, and daptomycin
were assessed.

2.6. HPLC-PDA Conditions for Isoflavone Quantification

Isoflavone quantification was conducted using the high-performance liquid chro-
matography with photodiode array detection (HPLC-PDA) method, following the exact
procedures outlined in a study by Kazlauskaite et al. [31].

For the determination of the isoflavones daidzein, genistein, daidzin, and genistin, an
ACE 5 C18 250 x 4.6 mm column (Advanced Chromatography Technologies, Aberdeen,
Scotland) was used. The mobile phase of solvent A consisted of acetic acid, methanol, and
deionised water (using the ratio of 1:10:89 v/v/v). Solvent B was made using acetic acid
and methanol (1:99 v/v/v). The linear gradient elution profile was as follows: 80% A/
20% B at 0 min; 30% A/70% B at 30 min; 90% A/10% B at 39 to 40 min. The flow rate was
1 mL/min, and the injection volume was 10 uL. The absorption was measured at 260 nm.

2.7. HPLC Post-Column Antioxidant Activity

The HPLC post-column method was carried out using ABTS reagent according to the
methodology described by Marksa et al. [32].

Following the introduction of samples into the HPLC detection system, the mobile
phase, along with the sample, traversed through the reaction loop to a mixing tee. Concur-
rently, a Gilson pump 305 (Middleton, WI, USA) delivered 0.5 mL/min of ABTS reagent
solution. The HPLC-ABTS system'’s reaction loop was maintained at a constant temperature
of 50 °C. Upon interaction with ABTS, the antioxidants triggered a color change in the
reagent, which was quantified using a Waters 2487 UV /VIS detector (Waters Corporation,
Milford, MA, USA). The test solutions were detected at a wavelength of 650 nm, with the
signal strength depicted as the peaks of negative active compounds.

The antioxidant activity of the extract compounds was assessed relative to the Trolox
standard equivalent. A calibration curve was generated using a Trolox/ethanol solution at
five dilutions within the 8.359-133.750 g/mL range, R? = 0.999565.

2.8. Qualitative Analysis of Red Clover Extracts Using LC-MS

Following the reverse phase liquid chromatography (RP-LC) separation, electrospray
ionisation (ESI) (in the negative and positive modes) and mass spectrometric (MS) analyses
were performed to determine the qualitative profile of the red clover extract. The LC/MS
system was composed of a Shimadzu Nexera X2 LC-30AD HPLC system (Shimadzu, Tokyo,
Japan) equipped with an LCMS-2020 mass spectrometer (Shimadzu, Tokyo, Japan).

The chromatographic separation was performed using a YMC-Triart C18 (YMC
Karasuma-Gojo, Kyoto, Japan) (150 mm x 3.0 mm, 3 um) analytical column, and its
temperature was 40 °C.

Mobile phase A consisted of 0.1% formic acid in the water, and mobile phase B
consisted of 0.1% formic acid in acetonitrile. For each clover sample, 1 pL aliquot volumes
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were injected into the chromatographic column. The linear gradient elution profile was as
follows: 10% B at 0.01 min; 10% B at 1.0 min; 50% B at 10 min; 70% B at 20 min; 90% B at
23 min; 90% B at 26 min; 10% B at 27 min; 10% B at 30 min. The HPLC was run at a flow
rate of 0.4 mL/min.

The optimum ESI conditions were set as 350 °C for the interface temperature, 250 °C
for the DL temperature, 400 °C for the heat block temperature, 1.5 L/min for the nebulising
gas flow, and 10 L/min for the drying gas flow. The positive ion and negative ion mea-
surements were performed while switching alternately between the positive and negative
ionisation modes. The m/z ranges for the positive and negative modes were 50-1000, the
scan speed was 15.000 pt/s, and a step size of 0.1 m/z was used.

The quantitative analysis of the identified compounds was conducted utilising hypero-
side as a reference standard. The compounds’ concentrations were determined by applying
a hyperoside calibration curve. The results were expressed as micrograms of hyperoside
equivalent per milliliter (ug/mL). The calibration curve was prepared from a hyperoside
solution at eighth dilutions in the range of 0.21-27.04 ug/mL, y = 22,498.4x + 2508.57,
R? = 0.9998.

2.9. Statistical Data Analysis

The data were analysed using SSPS version 20.0 (IBM Corporation, Armonk, NY,
USA). All the antioxidant experiments were performed 4 times. The data are expressed
as mean *+ standard deviation (S.D.). The antimicrobial experiments were repeated
3 times. Comparisons between the three different measurements were made using Fried-
man and Wilcoxon tests. Comparisons between the two groups were made using the
Mann-Whitney U test. The results were considered statistically significant at p < 0.05.
Spearman’s correlations were performed at a significance level of 0.01 (two-tailed). The
strength of association was judged based on the following scores: Ir| > 0.9—very strong;
0.7 < Irl < 09—strong; 0.5 < Irl < 0.7—moderate; 0.3 < Irl < 0.5—weak;
Irl <0.3—very weak.

3. Results and Discussion
3.1. Total Phenolic and Flavonoid Content

The total phenolic and flavonoid content results were obtained by applying spectropho-
tometry. This technique allows for quantitative composition determination of groups of
biologically active compounds. Additionally, PVP/VAC (1-5%) and SSG (1%) were incor-
porated into the samples to analyze and determine their total phenolic content, flavonoid
content, and antioxidant activity. It is important to note that these excipients alone do not
possess antioxidant properties [17].

The methodologies chosen for studying raw plant materials were selected to assess
the variability of phenolic compounds and flavonoids in red clover extracts prepared
using different excipients (SSG and PVP/VAC). The red clover extracts with excipients
were prepared in 50% ethanol and 70 and 96% ethanol solutions. Following testing, the
differences in the results among the solvents were not statistically significant. Consequently,
the decision was made to use the ethanol solution with the lowest concentration (50%).
A previous study guided the selection of the extraction parameters mentioned earlier [17].

The total amount of phenolic compounds in the red clover aqueous flower samples
with excipients was determined to vary from 35.79 & 0.12 to 45.38 £ 0.19 mg GAE/g dw
(Figure 2), and in the ethanolic samples, it varied from 43.11 + 0.24 to 52.48 + 0.24 mg
GAE/g dw (Figure 3).
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Figure 2. The total amount of phenolic compounds in the aqueous extracts, = 4 (the codes of the
samples are provided in Figure 1). * p < 0.05 vs. W1; ** p < 0.05 vs. W2; *** p < 0.05 vs. W3 (the
samples were compared with their respective control groups).
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Figure 3. The total amount of phenolic compounds in ethanolic extracts, 7 = 4 (the codes of the
samples are provided in Figure 1). * p < 0.05 vs. E1; ** p < 0.05 vs. E2; ** p < 0.05 vs. E3 (the samples
were compared with their respective control groups).

Among the aqueous samples, V5SW3 exhibited the highest concentration of phenolic
compounds, measuring 45.38 + 0.19 mg GAE/g dw. In contrast, the sample SIW1 dis-
played the lowest phenolic compound content, amounting to 35.79 & 0.12 mg GAE/g dw
(Figure 2).

Increasing the concentration of PVP/VAC excipient in the extraction media from 1%
to 5% led to overall increases. However, a statistically significant difference (p < 0.05)
was specifically observed in the samples prepared through a combination of reflux and
ultrasound processing. Importantly, across all the samples prepared with excipients in both
50% ethanol and water solvents, there were statistically significant differences (p < 0.05)
compared to the control samples.

The highest total phenolic content in the ethanolic extracts was determined for the sam-
ple V1E3 (52.48 + 0.26 mg GAE/g dw), and lowest was found for SIE1—43.11 & 0.24 mg
GAE/g dw (Figure 3). PVP/VAC demonstrated a greater extraction efficacy than the SSG
excipient, even without increasing the concentration from 1% to 5%. Specifically, when
employing PVP/VAC, there was an average increase of 11% in the amount of phenolic
compounds compared to using SSG.

In research by Kiigiikboyaci et al., the total phenolic content was determined to be
52.30 £ 1.20 mg GAE/g [33]. This yield is higher than that found in our study without
and with excipients. Esmaeili et al. investigated in vivo grown red clover, which varied
from 27.57 to 46.88 mg GAE/g dw. These results are similar to the results obtained in
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this study without using toxic solvents but using green extraction with excipients [34].
However, the study by Kiigiikboyaci et al. used methanol for extraction, an effective solvent
based on medicinal plant research [33]. The second study used different organic solvents
(methanol, ethyl acetate, chloroform). Notably, the results obtained using ethyl acetate
were found to be ineffective. While all the solvents used in the studies are capable of
extracting both polar and non-polar secondary metabolites, it is important to highlight
that methanol and chloroform present challenges due to their toxicity, rendering them
unsuitable for studies involving organisms and animal models. The procedural step of
solvent evaporation, although implemented, may still leave trace amounts behind [35].
There is also the possibility that differences in the composition of phenolic compounds can
be influenced by biotic and abiotic factors, plant parts, harvesting time, and inaccuracies in
taxonomic identification and chemical analysis [36,37]. It is not easy to compare chemical
data because there is a great deal of inconsistency, but it can provide an overall picture of a
species’ chemical profile.

Using both excipients (PVP/VAC and SSG) in ethanol/water extraction was more
effective than extraction using the solvent alone. However, regardless of the effectiveness
of both excipients, the use of PVP/VAC in the extraction helped to extract higher amounts
of phenolic compounds in both water and ethanol (Figures 2 and 3).

As solutions cool down, both excipients gradually settle into sediments. The sedi-
mentation of these excipients, rather than being a hindrance, present an opportunity for
resource optimization. The settled excipients can be effectively recovered and reused in
extraction processes. This sustainable approach not only minimizes waste but also con-
tributes to cost-effectiveness in various applications. Industries can enhance their efficiency
and reduce their environmental impact by harnessing the recoverable excipients.

The phytochemical profile of red clover includes a wide range of polyphenolic com-
pounds, such as numerous flavonoids (including isoflavones) [38]. Most flavonoids exist
naturally as glycosides. The presence of sugars and hydroxyl groups makes them water
soluble, while the presence of methyl groups makes them lipophilic.

The content of total flavonoids was expressed as milligrams of rutin equivalents per
gram of dry sample, ranging from 20.38 4 0.23 t0 23.10 & 0.11 mg RU/g dw in the aqueous
test extracts (Figure 4) and 24.57 + 0.13 to 26.98 + 0.28 mg RU/g dw in the ethanolic
extracts with excipients (Figure 5).
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Figure 4. The total amount of flavonoids in aqueous extracts, n = 4 (the codes of the samples are
provided in Figure 1). * p < 0.05 vs. W1; ** p < 0.05 vs. W2; *** p < 0.05 vs. W3 (the samples were
compared with their respective control groups).
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Figure 5. The total amount of flavonoids in ethanolic extracts, n = 4 (the codes of the samples are
provided in Figure 1). * p < 0.05 vs. E1; ** p < 0.05 vs. E2; *** p < 0.05 vs. E3 (the samples were
compared with their respective control groups).

The highest amount of flavonoids from the aqueous samples was found in V5W3
(23.10 £ 0.11 mg RU/g dw) (Figure 4). The lowest content of flavonoid compounds was
found in the SIW1 and VIW1 samples (20.82 + 0.27 and 20.38 & 0.23 mg GAE/g dw,
respectively). All the samples prepared using the excipients in water yielded statistically
significant differences (p < 0.05) compared to the controls.

Observing the results, it was determined that when using the PVP/VAC excipient,
the lowest outcomes were observed with reflux alone, but an increase in flavonoid yield
occurred when ultrasound was incorporated and the processing time was extended from
10 to 30 min. Similarly, a parallel pattern of increased flavonoid yield was observed when
using the SSG excipient in the extraction process.

The investigation revealed a direct correlation between the concentration of PVP/VAC
and the increase in flavonoid levels, specifically from 1% to 5%. A significant (p < 0.05) rise
in flavonoid yield was noted when comparing samples with PVP/VAC concentrations of
1% and 5%. While a comparable effect was observed when comparing the results from both
excipients, it is noteworthy that adjusting the PVP/VAC concentration in the extraction
media demonstrated the potential for further increases in flavonoid concentrations.

Using ethanol as a solvent, the total flavonoid amount was the highest in the sample
V1E3 prepared with PVP/VAC excipient (1%) (26.98 & 0.28 mg RU/g dw) (Figure 5). The
lowest flavonoid amount was found in the S1IE1 and V1E1 samples (24.57 + 0.13 and
24.61 £ 0.17 mg RU/g dw). The results obtained using ethanol and excipients were better
than those obtained using water. Still, the same trends remained: the extracts prepared
with PVP/VAC and SSG using only reflux yielded the lowest flavonoid concentrations,
but when combining this method with ultrasound and increasing the processing time, the
concentrations increased. The results were statistically significantly higher than the controls
prepared without excipients (p < 0.05).

3.2. Excipients’ Influence on Radical Scavenging Activity

Due to the fact that the electron reduction potential of phenolic radicals is lower
than that of oxygen radicals and that phenoxyl radicals are less reactive than oxygen
radicals, phenolic compounds are effective scavengers of oxygen radicals [39]. Many of
polyphenolics’ biological functions have been associated with their ability to scavenge
and neutralize free radicals and their antioxidant activity, including antibacterial, anti-
inflammatory, antiallergic, hepatoprotective, antithrombotic, antiviral, anticarcinogenic,
and vasodilator effects [40,41].

Many factors, such as the plant growth environment, the composition of the extract,
and the test system, influence the antioxidant capacity of the extract from the plant. There-
fore, it cannot be fully described using one single method to obtain objective results.
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A reliable antioxidant assay protocol requires measuring more than one property using
several different methods, since most natural antioxidants are multifunctional [42,43].
The antioxidant activity of phenolic-rich plant materials correlates with their antioxidant
capacity, which depends on the structure of the compounds.

The antioxidant activity was evaluated using ABTS and DPPH in vitro techniques
that have different experimental conditions but belong to single electron transfer-based
assays. The results in the samples with excipients investigated using the DPPH method
varied from 10.17 4 0.02 to 11.25 + 0.11 pg TE/g dw (Table 1) in the aqueous samples and
11.26 & 0.06 to 12.81 £ 0.05 ug TE/g dw (Table 1) in the ethanolic samples.

Table 1. DPPH and ABTS radical scavenging activity of extracts with different excipients, 1 = 4 (the
codes of the samples are provided in Figure 1).

DPPH, (ug TE/g dw) * SD,n=4 ABTS, (ug TE/g dw) * SD,n=4
w1 9.76 039 353.45 9.19
w2 9.04 022 348.14 418
w3 8.52 0.78 344.28 7.06

SIW1 10.50 0.15 389.06 645

SIW2 10.29 0.08 383.63 7.73

SIW3 10.17 0.02 388.60 6.40

VIW1 10.67 0.04 395.45 251

VIw2 10.98 0.10 397.70 6.54

VIW3 10.76 0.01 405.61 254

V5W1 10.76 0.06 402.55 8.12

V5W2 11.10 0.08 405.49 7.57

V5W3 11.25 0.11 419.29 7.00
El 10.98 029 393.05 5.82
El 10.73 025 390.39 7.41
E3 10.49 0.22 385.56 6.51

SIE1 11.84 0.11 433.48 3.84
SI1E2 11.26 0.06 425.04 438
S1E3 12.02 0.13 436.06 8.17

VIE1 11.92 032 447.68 446

VIE2 12.25 0.10 460.67 5.08

V1E3 12.81 0.05 463.92 6.46

* All samples had statistically significantly higher antioxidant activity than the controls (p < 0.05).

Analyzing the antioxidant results of the aqueous samples obtained using the DPPH
method, it was determined that the highest antioxidant activity was found in the V5W3
sample (11.25 + 0.11 ug TE/g dw) that was prepared using an enhanced amount (5%) of
PVP/VAC. The lowest activity was determined in the sample SIW3 (10.17 £ 0.08 ug TE/g
dw). All the aqueous samples were statistically significantly different (p < 0.05) compared
with controls that were prepared without the excipients (Table 1). It was determined that
the samples prepared using PVP/VAC had antioxidant activities that were significantly
(p < 0.05) higher than those prepared using the SSG excipient.

The highest antioxidant activity in the ethanolic samples was found in the V1E3 sample
(12.81 £ 0.05 ug TE/g dw), and the lowest was found in the S1E2 sample (11.26 & 0.06 ug
TE/g dw) (Table 1). All the samples were statistically significantly different compared with
the controls. In ethanol, using the SSG excipient, ultrasound processing for 10 min, and
reflux, the antioxidant activity was lower than when using reflux alone, but the activity
increased with increasing processing times. However, using PVP/VAC in extraction reflux
resulted in the lowest antioxidant activity.

Limited literature is available on the assessment of phenolic compounds and antioxi-
dant activity in red clover flowers. Most studies focus on extracts from either the entire
plant or, specifically, the leaves. In research by Jakubczyk et al., red clover flowers were
extracted using a Soxhlet apparatus and 96% ethanol as a solvent [44]. The determined
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antioxidant activity (DPPH) of the red clover extract was lower compared with the results in
this study by approximately 30% (controls) and 33-39% compared with samples prepared
using the excipients. In other research by Horvat et al., extracts were prepared from red
clover leaves of different breeding populations [45]. The results showed that on average,
DPPH inhibition was 18% lower compared to our controls and 24-27% lower compared
with the samples prepared using the excipients. The right extraction method of phenolic
compounds can increase antioxidant activity, and the right excipient can also increase
antioxidant potential from 3 to 9%.

An ABTS assay offers the advantages of simplicity and speed, and it is a well-
established method for estimating the antioxidant activity of test samples [46]. The radical
scavenging ability measured using the ABTS assay is given in Table 1 and expressed as for
the DPPH assay. The ABTS radical activity followed a similar pattern to the DPPH assay
in both the aqueous and ethanolic extracts with excipients. Using the ABTS method, the
results varied from 383.63 + 7.73 to 419.29 4+ 7.00 ug TE/g dw (Table 1) in the aqueous
samples and 425.04 + 4.38 to 463.92 & 6.46 ug TE/g dw (Table 1) in the ethanolic samples.

The lowest antioxidant activity in the aqueous samples was detected in sample STW2
(383.63 + 7.73 ug TE/g dw) prepared with SSG excipient using reflux and ultrasound
processing for 10 min. Among samples prepared using SSG antioxidant activity, adding
ultrasound for the extraction decreased, but prolonging the time to 30 min (S1W3 sample,
388.60 & 6.40 ug TE/g dw) (Table 1) increased the activity. However, it was still lower than
when using reflux alone (SIW1 sample, 389.06 = 6.45 ug TE/g dw). The highest antioxidant
activity was determined in the VSW3 extract (419.29 + 7.00 ug TE/g dw) that was prepared
using 5% PVP/VAC and reflux combined with 30 min of ultrasound processing. This result
was significantly higher (p < 0.05) than all the results from the aqueous extracts. However,
even when using only 1% PVP/VAC, the antioxidant activity was significantly higher than
when using SSG (Table 1).

The highest antioxidant activity in the ethanolic samples was determined in
sample V1E3 (463.92 + 6.46 ug TE/g dw). The lowest activity was found in the S1E2
(425.04 & 4.38 pg TE/g dw) sample. Tendencies like those in the aqueous extracts were
also observed in the ethanolic samples. All the results were statistically significantly higher
compared to the controls.

Both the ABTS and DPPH methods showed similar results, which demonstrate that
the results are reproducible and that these methods are complementary. The extracts
prepared in ethanol were more effective, and when using ethanol with PVP/VAC, the
antioxidant activity increased by approximately (not including the results obtained using
5% PVP/VAC) 14% (compared to aqueous extracts). Using SSG excipient in ethanol, the
antioxidant activity increased by 10%.

Correlation analyses were performed to observe the relationship between the antiox-
idant activity and the chemical composition of the extracts for DPPH and ABTS, as well
as the two major groups of compounds—the total amount of phenolic compounds and
flavonoids. The results show a positive correlation between the total phenolic content of
all the extracts (controls and test samples) and the antioxidant capacity measured using
DPPH (r = 0.917 in ethanolic extracts, r = 0.939 in aqueous extracts) (p < 0.01) as well as
ABTS (r = 0.932 ethanolic samples, r = 0.951 aqueous samples) (p < 0.01). This confirms that
the phenolic compounds are the primary source of inherent antioxidant activity, which has
additionally been stated in other publications [47,48].

Flavonoids also showed a positive correlation with both radical scavenging methods:
r =0.933 in ethanol, r = 0.753 in water (p < 0.01) (DPPH); r = 0.899 in ethanol, r = 0.832 in
water (p < 0.01) (ABTS). The correlations were higher in the ethanol samples than in water
because flavonoids are poorly soluble [49]. Nevertheless, excipient use increases flavonoid
solubility using both excipients in water and ethanol.

The results obtained using both antioxidant activity methods, ABTS and DPPH, were
in agreement, which was also reflected in the correlation coefficients of r = 0.953 for the
aqueous samples and r = 0.982 for the ethanolic samples.
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3.3. Reducing Power Activity of Extracts Prepared Using Excipients

The FRAP method is a simple, inexpensive, reproducible, and sensitive method to
assess antioxidant power [46]. The obtained results were expressed as ferrous sulfate
equivalent mg FS/g dw. The FRAP values of the studied extracts varied from 144.33 £
4.60 to 167.45 £ 2.06 mg FS/g dw in the aqueous samples (Figure 6) and 189.03 £ 2.35 to
192.49 + 1.46 mg FS/g dw in the ethanolic samples (Figure 7).
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Figure 6. Antioxidant activity of aqueous samples using the FRAP method, 1 = 4 (the codes of the
samples are provided in Figure 1). * p < 0.05 vs. W1; ** p < 0.05 vs. W2; *** p < 0.05 vs. W3 (the
samples were compared with their respective control groups).
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Figure 7. Antioxidant activity of ethanolic samples using the FRAP method, 7 = 4 (the codes of the
samples are provided in Figure 1). * p < 0.05 vs. E1; ** p < 0.05 vs. E2; *** p < 0.05 vs. E3 (the samples
were compared with their respective control groups).
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The highest value obtained using the FRAP method for the aqueous samples was
found for the V5W3 sample—167.45 & 2.06 mg FS/g dw (Figure 6), while the lowest value
was noted in SIW2 at 144.33 + 4.60 mg FS/g dw. The outcomes obtained using the FRAP
method were consistent with those obtained using the ABTS and DPPH methods. Notably,
all the test samples exhibited statistical superiority over the controls (p < 0.05). However,
it is important to highlight that the results with PVP/VAC were significantly higher than
those with SSG only when the former was used at a 5% concentration.

The antioxidant activity in the ethanolic test samples was very similar (Figure 7). All
the samples had statistically higher activities than the controls, but no significant difference
existed between the samples prepared using PVP/VAC and SSG. Nevertheless, the results
obtained in this study were higher than those of Zawislak et al., who used different solvents
for the extracts and different red clover drying conditions [50].
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The previously presented results show a positive correlation between the total phenolic
content and the ABTS/DPPH methods. These results were confirmed by the reducing
power activity method FRAP, which also showed a positive correlation between the total
amount of phenolic compounds: r = 0.950 (p < 0.01) in ethanol and r = 0.944 (p < 0.01) in the
aqueous samples. The same correlation was observed between flavonoids and the FRAP
method, but it was weaker in the aqueous samples r = 0.804 (p < 0.01). In the ethanolic
samples, r = 0.950 (p < 0.01).

3.4. Phenolic Compounds” Antioxidant Potential

Studies have shown that red clover contains the following isoflavones: genistein,
daidzein, biochanin A, and formononetin [7,51]. Isoflavonoids have a variety of biopro-
tective effects, including antioxidant, antimutagenic, anticarcinogenic, and antiprolifera-
tive activities. In a previous study by Kazlauskaite et al. [17], the concentrations of the
isoflavonoids daidzein and genistein, depending on the extraction conditions, were deter-
mined in the red clover extracts with PVP/VAC and SSG excipients. In this study, we used
a mixture of the isoflavones daidzein, genistein, daidzin, and genistin and determined the
antioxidant activity of the known sample. The preparation of the isoflavones mix from
standards is described in Section 2.1—"Plant Material and Reagents”.

The obtained concentrations of isoflavones based on the HPLC analysis were as fol-
lows: genistein 97.29 + 3.89 ug/g, daidzein 95.74 & 3.83 ug/g, genistin 125.41 4 5.01 ug/g,
and daidzin 139.45 £ 5.57 ug/g. These concentrations were used to determine the antioxi-
dant activity (total content of these isoflavones: 457.91 & 18.31 ug/g).

In this study, the total amount of phenolic compounds, flavonoid content, and antioxi-
dant activity of the samples were determined using the ABTS, DPPH, and FRAP methods.
The total phenolic content was 7.55 4 0.16 mg GA/g dw, and the determined flavonoid
content was 12.77 & 1.24 mg RU/g dw. We determined that antioxidant activities of the
isoflavones samples were relatively low: 1.93 & 0.05 ug TE/g dw (DPPH), 74.25 + 0.65 ug
TE/g dw (ABTS), and 24.42 4 1.62 mg FS/g dw. Although glycosides (daidzin, genistin)
are inactive forms, studies have shown that they have a similar antioxidant activity to
aglycones in vitro [52,53].

A similar total concentration of isoflavones was found in sample S1E1 (464.80 ug/g:
genistein 187.10 ug/g; daidzein 216.67 ug/g; genistin 61.03 ug/g; and daidzin 0 pug/g).
Even though the isoflavone contents were similar, as mentioned before, the glycosides’
antioxidant action in vitro showed the same results. The results showed that the extract
sample had 6 times more phenolic compounds but only 1.92 times more flavonoids. Though
phenolic acids have been studied both in vitro and in vivo for their antioxidant properties,
the mechanisms of their action remain unclear and /or undefined. An essential factor that
should be considered is their mutual interactions, which can be synergistic, antagonistic,
or additive (no interaction). These interactions were investigated by several studies using
a variety of antioxidant assays, and both synergistic and antagonistic interactions were
confirmed [15,54]. Although the antioxidant responses of the isoflavones tested in this
study were small, they may act synergistically with other compounds in the extract, thus
increasing the response of the whole product. Various compounds were investigated to
act in synergy with daidzein or genistein [55-58]. The use of the red clover extract as a
source of phenolics, including isoflavones, seems to be promising due to the presence
of several molecules that can act in synergy with each other, promoting and enhancing
antioxidant capability.

3.5. Post-Column ABTS Antioxidant Assay and RP-LC/PDA/MS Qualitative Analysis
Additionally, the best results were obtained for the samples that were investigated
using the post-column ABTS method. The highest antioxidant activity using the post-
column ABTS method in the aqueous samples was VIW3 20.90 = 0.83 mg TE/g dw, and in
the ethanolic samples, it was VIE3—29.04 & 1.16 mg TE/g dw (Table 2). All the samples
had statistically higher values compared with the controls prepared using the same method.
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Table 2. ABTS radical scavenging activity of extracts with different excipients, n = 4 (the codes of the
samples are provided in Figure 1).

Samples Codes ABTS Radical Scavenging, mg TE/g dw
W3 4.00 +0.16
S1W3 15.06 + 0.60
VIW3 20.90 +0.83°
E3 11.46 £ 045
S1E3 1691 +0.83 2
V1E3 29.04 +1.162

2p<0.05vs. E3;® p <0.05vs. W3. The control in water is compared only with samples prepared in water.
Moreover, the controls prepared in ethanol are compared only with the ethanol samples.

An LC-MS analysis of all the post-column samples was performed, and the determined
compounds were compared to published red clover profiles. As a result, nine compounds
were identified in the red clover extracts with and without the excipients (Figure 8A-F).

u

°

T b

25 50 75 100 125 150 175 200 225 250 275 win

Figure 8. Profiles of control and test samples: A—V1E3 sample profile; B—S1E3 sample profile;
C—E3 sample profile; D—S1W3 sample profile; E—W3 sample profile; F—V1W3 sample profile. The
wavelength used to determine the compounds was 330 nm.

It was determined that peak 1 (1m/z 295.0 [M-H] ") was caffeoylmalic acid, peak 2
(m/z 358.0 [M-H] ™) was cis-clovamide, peak 3 (1/z 463.1 [M-H] ") was hyperoside, peak
4 (m/z 505.1 [M-H] ) was quercetin-O-hexoside-acetate, peak 5 (11/z 447 [M-H] ") was
kaempferol-O-hexoside, peak 6 (n/z 477.1 [M-H]~) was methylquercetin-O-hexoside,
peak 7 (m/z489.1 [M-H] ") was ellagic acetyl rhaminoside, peak 8 (m/z 267 [M-H] ) was
formononetin, and peak 9 (m/z 283 [M-H] ™) was biochanin A [38,59] (Figure 8).

Many of the detected compounds like hyperoside, clovamide, and caffeomalic acid
contribute to stress tolerance in numerous plant species due to their high antioxidant
activity, increased cell viability, and antimicrobial activity [60-62]. Comparing the aqueous
samples with the ethanolic extracts prepared using water demonstrated that the former
had a narrower compound profile. Formononetin and biochanin A were not found.

The V1E3 sample, prepared using the PVP/VAC excipient, exhibited the highest
antioxidant activity. However, the total concentration of identified compounds was higher
in the S1E3 sample (Table 3). This phenomenon can be attributed to variations in the
antioxidant properties of the compounds present. Consequently, compounds with higher
concentrations in S1E3 displayed lower antioxidant capacities.
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Table 3. Identified compound concentrations expressed as hyperoside equivalent ug/mL.

Compounds nr. W3, ug/mL S1W3, ug/mL V1W3, ug/mL E3, ug/mL S1E3, ug/mL V1E3, ug/mL
1 19.25 £ 0.58 1.94 £ 0.058 2.7 £0.081 78.06 = 2.34 25.81 £0.77 7541 £2.26
2 36.33 £ 1.09 19.42 £0.58 4941 +1.48 118.55 + 3.56 3877 £ 1.16 69.92 +2.10
3 773 £2.32 7273 £2.18 25714+ 0.77 45.29 + 1.36 97.64 +2.93 56.97 £ 1.71
4 18.91 £ 0.57 15.18 £ 0.46 16.61 £ 0.50 45.18 +1.36 88.5 + 2.66 4031 +1.21
5 46.13 +£1.38 61.94 +1.86 45.16 £1.35 48.28 +£1.45 75.66 + 2.27 62.76 + 1.88
6 10.3 +0.31 13.53 £ 0.41 3.75 £0.11 4.53 £0.14 10.3 +0.31 6.52 +£0.20
7 17.65 £ 0.53 15.55 £ 0.47 23.424+0.70 41.68 +=1.25 46.13 +1.39 54.83 = 1.65
8 15.83 £ 0.47 711+0.21 0.28 £0.01 1.15 4+ 0.04 4419 £1.33 1.29 +£0.04
9 0.33 £0.01 3.22 £0.10 0.79 £ 0.02 7.74+0.23 73.02 £2.19 8.71+0.26

The lowest concentrations of the identified compounds were found in the aqueous
samples as opposed to the ethanolic ones. Despite the samples prepared using PVP/VAC
exhibiting better biological properties, the determined compounds’ concentrations were
lower than those prepared with SSG, ethanolic, and aqueous solutions. However, the
control samples showed very minimal concentrations of active compounds.

3.6. Antimicrobial Activity of Red Clover Extracts

The samples’ antimicrobial activities were investigated based on their diffusion into
solid nutrition agar. The samples prepared with excipients (PVP/VAC and SSG in water or
ethanol) and the controls (prepared without excipients in water or ethanol) were investi-
gated against pathogenic bacteria. Still, there was no significant difference between the test
samples and controls without excipients.

Comparing the samples prepared using ethanol and water, differences between their
inhibition were found. The water samples inhibited five microorganisms, and the ethanol
samples inhibited four (Table 4). Although the maximum concentration used in this
study of extracts was 210 mg/mL, this concentration did not inhibit Enterococcus faecalis,
Pseudomonas aeruginosa, or Klebsiella pneumoniae in both the water and ethanolic samples.
Additionally, the ethanolic extract did not inhibit Bacillus cereus. Nevertheless, the ethanolic
samples inhibited microorganisms in much lower concentrations than the aqueous samples.
Generally, Gram-positive bacteria were more sensitive to the aqueous extracts tested than
Gram-negative bacteria. However, the ethanolic extract had a similar effect on Gram-
positive and Gram-negative bacteria.

Table 4. The antimicrobial activity (MIC) of red clover aqueous and ethanolic extracts, n = 3.
Solvent ff Gram-Positive Bacteria Gram-Negative Bacteria Yeast
Sample
hylococcus hylococcus  Enterococcus Bacillus Escherichia Pseudomonas Klebsicllfz Crzr_xdida
r T o N . . preumoniae albicans
aureus epidermidis faecalis cereus coli aeruginosa TCC ATCC
ATCC25923  ATCC12228  ATCC29212  ATCC11778  ATCC25922  ATCC 27853
13883 10231
125.51 65.92 99.34 99.34 210.16
Water mg/mL mg/mL NA mg/mL mg/mL NA NA mg/mL
34.23 25.92 34.23 34.23
Ethanol mg/mL mg/mL NA NA mg/mL mg/mL NA NA mg/mL
Penicillin >0.25 ug/mL  >0.25 ug/mL >16 pg/mL - - - - -
Ciprofloxacin >2 ug/mL >2 ug/mL >4 ug/mL - - - - -
o >32
Ampicillin - - - - >61.9 ug/mL NA ug/mL
Amoxicillin, - - - - >32 pg/mL NA NA -
Daptomycin >1 ug/mL >1 ug/mL NA - - - - -

NA means “no activity”. The extracts did not inhibit the reference microbial strains in their < 210 mg/mL
concentration. - means it was not tested with the bacteria. ** The antimicrobial activity was evaluated against
both solvents. The solvents (water and 50% ethanol) alone did not inhibit the reference microbial strains.
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The antimicrobial activity was assessed against key antibiotics, including penicillin,
ciprofloxacin, ampicillin, amoxicillin, and daptomycin, targeting Gram-positive and Gram-
negative bacteria. Penicillin exhibited potent activity against all Gram-positive bacte-
ria tested, including Staphylococcus aureus (MIC > 0.25 ug/mL), Staphylococcus epidermis
(MIC > 0.25 pg/mL), and Enterococcus faecalis (MIC > 16 ug/mL). Ciprofloxacin, while
effective, required higher concentrations compared to penicillin for Staphylococcus aureus
(MIC > 2 ug/mL), Staphylococcus epidermis (MIC > 2 ug/mL), and Enterococcus faecalis
(MIC >4 pg/mL). Daptomycin showed no inhibition for Enterococcus faecalis, and its MIC
for Staphylococcus aureus and Staphylococcus epidermis exceeded 1 pg/mL.

Ampicillin and amoxicillin were tested against Gram-negative bacteria. Ampicillin
failed to inhibit Pseudomonas aeruginosa. Against Escherichia coli, ampicillin had an MIC
value of >32 ug/mL, and for Kiebsiella pneumonia, it was >32 ng/mL. Amoxicillin did not
inhibit Klebsiella pneumonia or Pseudomonas aeruginosa but demonstrated inhibitory activity
against Escherichia coli with a MIC value of >32 pg/mL.

Despite certain antibiotics demonstrating higher inhibitory concentrations, this study
underscores the considerable potential of red clover flower extracts. The results suggest
that red clover extract, whether ethanolic or aqueous, should be employed in concentrated
formulations to optimize its effects. This finding advocates for the strategic utilization
of red clover in product development, emphasizing its unique attributes in achieving
optimal therapeutic outcomes. Even though Fabaceae is the largest family with about
19.580 species, only 93 individual species of Fabaceae were reported for their antibacterial
activities. This represents a relatively small percentage (0.5%) of the total diversity in this
family [63]. Nevertheless, it was reported that isoflavone-containing plants like soybeans
and alfalfa possess antioxidant activities. These plants especially inhibit Escherichia coli and
Staphylococcus aureus [64,65].

The main isoflavone compounds found in red clover are daidzein and genistein. In
the literature, it was reported that the metabolites of isoflavones can be even more potent
antibacterial agents than their precursors. However, the same precursors (daidzein and
genistein) possess antimicrobial activity, especially against Gram-positive bacteria and can
act synergistically with other phenolic compounds in order to downregulate the resistance
mechanisms of bacteria [66—68].

Even though there are limited studies regarding the antimicrobial effects of red clover
flowers, some suggest that essential oil and extract do not possess antimicrobial and anti-
fungal properties [69,70]. Nevertheless, this can be due to ineffective extraction methods.
Gligor et al. [71] concluded that the samples’ biological activity depends on the phytochem-
ical profile determined by the extraction technology.

4. Conclusions

The extract of red clover flowers is a promising natural alternative for the develop-
ment of pharmaceuticals due to its high levels of phenolics and flavonoids as well as its
antioxidant and antibacterial properties. The addition of the excipients SSG and PVP/VAC
demonstrated a significant increase in the phenolic and flavonoid content in the extraction
media, which enhanced their antioxidant activity. Although there was no difference in
antimicrobial activity between the extracts with or without excipients, there were differ-
ences in the extraction solvents. Using excipients can safely enrich the extract with valuable
compounds, particularly the PVP/VAC excipient, which showed greater results in both
water and ethanol than the SSG excipient.

The extracts prepared using 5% PVP/VAC in water, as opposed to 1%, exhibited
notably superior results across all the test samples. Specifically, sample V5SW3 demonstrated
the highest DPPH (11.25 + 0.11 ug TE/g dw), ABTS (419.29 & 7.00 ug TE/g dw) radical
scavenging activity, and FRAP (167.45 + 2.06 mg FS/g dw) reducing power activity among
the aqueous samples. Additionally, V5W3 displayed the highest concentrations of phenols
and flavonoid contents among the aqueous samples (45.88 + 0.19 mg GAE/g dw and
2310 + 0.10 mg RU/g dw).
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Regarding the ethanolic samples, the highest activity was observed in sample V1E3,
boasting the highest phenol content (52.48 + 0.24 mg GAE/g dw), flavonoid content
(26.98 + 0.28 mg RU/g dw), and antioxidant activity, including DPPH (12.81 £ 0.05 ug
TE/g dw), ABTS (463.92 & 6.46 ug TE/g dw), and FRAP (192.49 + 1.45 mg FS/g dw. In the
future, further research is needed to explore the potential applications of red clover flower
extract in various pharmaceutical products.
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Abstract: Encapsulating antioxidant-rich plant extracts, such as those found in red clover, within
microcapsules helps protect them from degradation, thus improving stability, shelf life, and effective-
ness. This study aimed to develop a microencapsulation delivery system using chitosan and alginate
for microcapsules that dissolve in both the stomach and intestines, with the use of natural and
synthetic emulsifiers. The microcapsules were formed using the extrusion method and employing
alginate or chitosan as shell-forming material. In this study, all selected emulsifiers formed Pickering
(B-CD) and traditional (white mustard extract, polysorbate 80) stable emulsions. Alginate-based
emulsions resulted in microemulsions, while chitosan-based emulsions formed macroemulsions,
distinguishable by oil droplet size. Although chitosan formulations with higher red clover extract
(C1) concentrations showed potential, they exhibited slightly reduced firmness compared to other
formulations (C2). Additionally, both alginate and chitosan formulations containing 3-CD released
bioactive compounds more effectively. The combined use of alginate and chitosan microcapsules
in a single pill offers an innovative way to ensure dual solubility in both stomach and intestinal
environments, increasing versatility for biomedical and pharmaceutical applications.

Keywords: microcapsules; drug delivery; natural compounds; isoflavones; red clover; chitosan;
sodium alginate

1. Introduction

Various medicinal applications have been attributed to isolated natural bioactive
substances, including pure phytochemicals, botanical extracts, and essential oils. Among
these, red clover stands out for its phenolic content, especially isoflavones, which are
compounds with estrogenic properties. Isoflavones exhibit promise in addressing diverse
menopausal symptoms like hot flashes, supporting cardiovascular health, and combating
osteoporosis [1-3].

Natural compounds, such as phenolic compounds, offer beneficial properties like
antioxidants, antimicrobial, and anti-inflammatory effects, which are valuable for various
applications. However, they are susceptible to environmental factors such as heat and
light, have low water solubility, undergo rapid metabolism, and are quickly eliminated
from the body. Additionally, they can degrade in water, undergo oxidation, and lose
activity over time [4,5]. Encapsulating antioxidant-rich plant extracts within microcapsules
safeguards them from degradation, boosting stability, shelf life, and efficacy. Additionally,
plant-derived compounds demonstrate excellent solubility in both water and oil phases,
facilitating the creation of stable, homogeneous emulsions with uniform dispersion of
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natural components, crucial for desired functionalities [6]. Recently, there has been an
extensive interest in research focusing on emulsions stabilised by natural compounds [7].
In this study, emulsifiers and polymers known for their stability-enhancing and solubilising
properties of bioactive compounds were carefully selected. Mustard extract, 3-cyclodextrin
(B-CD), and polysorbate 80 have been chosen for their emulsifying capabilities.

The white mustard extract plays a crucial role in forming traditional oil-in-water emul-
sions. This extract contains lecithin, the primary emulsifier in egg yolks, contributing to
emulsion stability [8]. Studies have demonstrated that mustard powder can also effectively
stabilise emulsions, with research showing stability for up to one month when stabilised
with mustard or cinnamon. Additionally, mustard extract’s capacity to absorb and retain
liquid further enhances its effectiveness as an emulsifying agent [9,10]

3-CD can enhance emulsion stability and antioxidant properties when combined with
conventional emulsifiers. Its ability to bring antioxidant-active substances to the oil-water
interface makes it valuable in emulsions seeking antioxidant effects [11,12]. Additionally, 3-
CD forms inclusion complexes with compounds, allowing for targeted ingredient delivery.
Emulsions with 3-CD as an emulsifier are Pickering emulsions, offering better stability and
droplet size control [13]. Pickering emulsion differs from traditional emulsions as solid
particles rather than surfactants stabilise it. These solid particles, typically amphiphilic,
possess both hydrophilic and hydrophobic traits, allowing them to attach to the oil-water
interface and uphold the stability of the emulsion [14].

Polysorbate 80 is a synthetic non-ionic surfactant widely used as an emulsifier in
emulsions. It has several functions, including emulsification, dispersion, wetting and
stabilisation. It is also known for its solubilising properties, allowing it to enhance the
solubility of poorly soluble substances. It acts as an emulsifier in pharmaceutical formula-
tions, ensuring the uniform distribution of active ingredients and improving their stability.
This makes it useful in various oral, parenteral, and topical formulations where increased
solubility is desired [15-17]. Due to its viscous nature, it contributes to the texture and
stability of products.

Besides overcoming stability problems, microencapsulation of emulsions reduces the
perception of possible off-flavours or colours from the encapsulated material, facilitates
storage, and extends shelf life without adverse influence on the physical, chemical or func-
tional properties [18]. Coacervation, a widely used encapsulation technique for probiotics,
involves the formation of a liquid rich in polymer phase in equilibrium with another liquid
phase. This colloidal phenomenon can manifest in either a low or a highly dispersed
state, offering promising encapsulation capabilities. There are various microencapsulation
techniques employing coacervation, including spray drying, freeze drying, extrusion, spray
cooling/chilling, fluidised bed drying, and more [6,19]. Extrusion is a widely used encap-
sulation technology for encapsulating different materials, microorganisms and phenols in
hydrocolloid gel matrices [19,20].

Polymers such as chitosan and alginate, alongside dendrimers and others, have
emerged as common choices for encapsulation matrices. These polymers offer distinct
advantages in terms of biocompatibility, biodegradability, and functionality, making them
well-suited for encapsulating a diverse array of bioactive compounds [21].

Sodium alginate, derived from brown seaweed, is a versatile anionic polymer renowned
for its biocompatibility and low toxicity [22]. Its mild gelation upon exposure to divalent
cations has spurred extensive exploration in biomedical fields. Alginate hydrogels, formed
through diverse cross-linking techniques, mimic the structural properties of living tissue
extracellular matrices, making them valuable for wound healing, bioactive agent delivery,
and cell transplantation applications [23]. It also serves various beneficial roles in food
products, such as gelling, thickening, and coating. Additionally, as a polyelectrolyte, it
contributes to controlling solution rheology through external stimuli like pH and ionic
strength. This property holds promise for manipulating emulsion rheology, showcasing
practical applications in the field [24,25].
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Chitosan-based particles are highly regarded as ideal drug carriers because of their
biodegradable, biocompatible, and non-toxic nature. Additionally, the abundance of func-
tional amino and hydroxyl groups in chitosan allows for the efficient immobilisation of
active substances through chemical interactions [26]. The pH-responsive properties of
chitosan, stemming from its amino groups and sodium alginate from its carboxyl groups,
significantly enhance its suitability as a drug carrier. Leveraging these attributes, microen-
capsulation via extrusion techniques utilising both polymers proves to be a promising
approach for drug delivery applications [27,28].

This research focuses on microencapsulation, which revolves around the careful selec-
tion of natural emulsifiers and polymers. Notably, the study emphasises the application of
mustard extract, B-cyclodextrin, and polysorbate 80 to stabilise and solubilise bioactive com-
pounds such as genistein and daidzein sourced from red clover extract. This combination
of natural compounds represents a novel approach that enhances the encapsulation process,
ensuring the stability and bioavailability of fragile bioactive molecules. This research
addresses existing challenges in bioactive delivery and also paves the way for targeted de-
livery applications in pharmaceuticals, nutraceuticals, and functional foods from red clover
extract. Therefore, the study aims to develop and optimise a microencapsulation delivery
system, employing chitosan and alginate for stomach- and intestine-soluble microcapsules,
respectively, using different emulsifiers and evaluating their stability, physical parame-
ters and in vitro release profiles for genistein and daidzein in simulated gastrointestinal
conditions.

2. Materials and Methods
2.1. Plant Material and Reagents

Trifolium pratense L. plant flower buds were collected in Trifolium pratense L. fields,
Kupiskis district, Lithuania. The mustard powder was purchased at SALDVA. Ethanol
(96%) used for extraction was purchased from Vilniaus degtine. (Vilnius, Lithuania). In
this experiment, purified water was prepared with GFL2004 (GFL, Burgwedelis, Germany).
Deionised water was prepared with Millipore, SimPak 1 (Merck, Darmstadt, Germany).

The following reagents were used as standards: genistein, daidzein, and biochanin
A (Sigma-Aldrich, Steinheim, Germany). (3-CDs were purchased from Sigma-Aldrich
(Hamburg, Germany); Folin-Ciocalteu’s phenol reagent (Merck, Darmstadt, Germany);
shell material, alginic acid sodium salt from brown algae obtained from Sigma-Aldrich
(Shanghai, China) was used. Calcium chloride (Farmalabor, Pozzillo, Italy) salt formulated
microcapsules as a crosslinker. Medium molecular weight (MMW) chitosan, high molecular
weight (HMW) 80/1000 chitosan, and high molecular weight (HMW) 80/3000 chitosan
were purchased from Sigma-Aldrich (Steinheim, Germany). Emulsifiers Tween 80® were
purchased from Sigma-Aldrich (Germany). Acetic acid and sodium hydroxide were ob-
tained from Sigma-Aldrich (Germany).

2.1.1. Preparation of Trifolium pratense L. (Red Clover) Extract

The extract was prepared following the method outlined in a previous study [29]. The
method used 1% of the excipient $-CD in a solution of 50% ethanol/water. Ultrasound-
assisted extraction was conducted using a Grant Instruments™ XUB12 Digital ultrasound
bath (Cambridge, UK) operating at 38 kHz for 10 min at a temperature of 40 £ 2 °C.
Afterwards, the samples were refluxed for 1 h. The mixture was then cooled down,
followed by centrifugation at 3382x g (5500 rpm) for 10 min, and the supernatant was
concentrated in a porcelain dish.

2.1.2. Preparation of Sinapis alba (White Mustard) Extract

White mustard extraction was conducted using a Grant Instruments™ XUB12 Digital
ultrasound bath (Cambridge, UK) operating at 38 kHz. 10.0 & 0.001 g of dried and milled
powder was macerated in 50 mL of water. Ultrasound processing was performed for 30 min
at a temperature of 40 &+ 2 °C. After processing, the samples were centrifuged at 3382x g
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(5500 rpm) for 10 min, and the supernatant was decanted. The extract was then filtered
through a paper filter for subsequent use in the research.

2.2. Emulsion Preparation
2.2.1. Alginate Solution Preparation

Initially, a 2% sodium alginate solution was prepared by dissolving alginic acid sodium
salt in distilled water until complete solubilisation. This solution, serving as the shell mate-
rial soluble in gut media, was utilised for emulsion preparation throughout the experiment.
Two concentrations of alginate solution, namely 0.5% and 2%, were employed in the study.

2.2.2. Chitosan Solution Preparation

Various chitosan gels were prepared using different concentrations and molecular
weights, including 2% MMW chitosan gel, 4% MMW chitosan gel, 2% HMW 80/1000 chi-
tosan gel, and 2% HMW 80/3000 chitosan gel.

Chitosan powder was gradually added to acetic acid solution at concentrations ranging
from 1% to 4% to form the gels. Stirring with an IKA EURO-STAR 200 digital stirrer (Staufen,
Germany) ensued until a clear gel was achieved. The gel was centrifuged for 2 min at
447x ¢ (2000 rpm) in 50 mL centrifuge tubes using a Sigma 3-18KS centrifuge (GmbH,
Osterode am Harz, Germany) to remove air bubbles. Microcapsules were formed from
the chitosan solution with ethanolic extract alone, employing HMW 80/1000 chitosan at a
minimum concentration of 2% acetic acid and 1% nitrogen hydroxide.

2.2.3. Chitosan and Alginate Emulsions Preparation

To prepare the alginate emulsion with Trifolium pratense L. extract, a solution containing
excipients (sweet almond oil, emulsifier-mustard extract, 3-CD, or polysorbate 80-and
xanthan) was combined with a sodium alginate solution. The mixture was stirred for
15 min using a magnetic stirrer (MSH-20A, Witeg, Wertheim, Germany), after which the
extract was added. Formulations of the emulsions are detailed in Table 1.

Table 1. Quantities of the components used in emulsions formulations that were prepared
using alginate.

Number of Emulsions

Alginate, % Extract, % Mustard Extract, % B-CD Extract, % 0il, % Xanthan, % Water, %

1%
2%
3+
4+
5
6
7
8
9
10
11
12
13
14
15
16

1
0.25
1
0.25
1
0.25
1
0.25
1
0.25
1
0.25
1
0.25
1
0.25

35 5 - 5 5 49
35 5 - 5 5 49.75
35 - 5 5 5 49
35 - 5 5 5 49.75
30 5 - 10 5 49
30 5 - 10 5 49.75
30 - 5 10 5 49
30 - 5 10 5 49.75
30 5 - 5 10 49
30 5 - 5 10 49.75
30 - 5 5 10 49
30 - 5 5 10 49.75
35 5 - 25 7.5 49
35 5 - 2.5 7.5 49.75
35 - 5 25 7.5 49
35 - 5 25 7.5 49.75

* Means that these formulations were the most stable.
Samples of chitosan and alginate emulsions were prepared using both ethanol and

water extracts, but the ethanol extract is composed of more isoflavones and phenolic
compounds, so only the ethanol extracts were used in further studies (Tables 1 and 2).
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Table 2. Emulsions formulations that were prepared using chitosan.
Number of Emulsions Chitosan, % Extract, % Polysorbate 80, % B-CD, % Qil, % Acidified Water, %
1 0.7 40 1 - 3 343
2 0.7 40 - 1 3 34.3
3 0.92 50 1 - 3 45.08
4 0.92 50 - 1 3 45.08
5 09 51 1 - 3 441
6 0.9 51 - 1 3 441
7* 2.00 10 1 - 3 84.00
8* 2.00 10 - 1 3 84.00
9* 2.00 20 1 - 3 74.48
10* 2.00 20 - 1 3 74.48
11 2.00 30 1 - 3 64.68
12 2.00 30 - 1 3 64.68
* Means that these formulations were the most stable.
The following research used 8 of the most stable emulsions. For this article, we will
use the codes provided in Table 3 for easier compression.
Table 3. Emulsions formulations and codes of chitosan and alginate samples.
Sample Alginate,  Chitosan, o Mustard o Polysorbate oo Xanthan o Acidified
Code % % Extract, % Extract, % B-CD, % 80, % 0il, % Gum, % Water, % Water, %
AIM 1 - 35 5 - - 5 5 49 -
A2M 0.25 - 35 5 - - 5 5 49.75 -
AlB 1 - 35 - 5 - 5 5 49 -
A2B 0.25 - 35 - 5 - 5 5 49.75 -
cip - 2.00 10 - - 1 3 - - 84.00
czr - 2.00 20 - - 1 3 - - 74.00
C1B - 2.00 10 - 1 - 3 - - 84.00
C2B - 2.00 20 - 1 - 3 - - 74.00

A, C—alginate (A) or chitosan (C) was used as a shell material; 1; 2—the concentrations of the polymers; M, B, P-
indicates emulsifiers used in formulation.

Before conducting any analysis on the emulsions (except the stability test), the samples
are centrifuged at 112x ¢ (1000 rpm) for 2 min. This step is to remove air bubbles, ensuring
that the results are free from any interference caused by air.

2.3. Physical Parameters of Emulsions
2.3.1. Emulsions Stability Determination
Emulsion stability was evaluated using a Sigma 3-18KS centrifuge (Sigma Laborzen-
trifugen GmbH, Osterode am Harz, Germany). The test, repeated three times, applied
centrifugal forces from 1006 x to 5478 x g (3000 to 7000 rpm) for 5 min each. The test was
conducted, and the percentage of non-layered emulsion, known as the centrifugation index
(CI), was calculated using the following formula:
Ve
1(%) = — -100%
CI (%) i 00%
where V. represents the volume of the remaining emulsion after centrifugation, and V; is
the volume of the initial emulsion. The test was repeated three times, and the average CI
was determined. Test parameters included a centrifugal force of 3000 rpm, a temperature
of 23 °C, and a duration of 5 min.

2.3.2. Particle Size and Distribution Measurements and Pictures

Oil particle size and distribution were analysed using the Mastersizer 3000 with a
Hydro EV unit (Malvern Analytical Ltd., Malvern, UK). The emulsion was added drop-
wise to water until laser obscuration reached 9.5-10.5%, maintaining a constant pump
speed of 2400 rpm. Refractive indices of 1.330 and 1.478 were used. Average particle size
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distribution was calculated from five runs, with formulations characterised by percentile
values (D10, D50, and D90).

For microscopic examination, samples were observed using a Nikon H550S microscope
(Nikon, Chiyoda-ku, Japan) at 10 x objective magnification. Images were captured with the
NIS-Elements D3.2 program.

2.3.3. Dynamic Viscosity

Emulsion viscosity was assessed using a Fungilab ALPHA series viscometer (Fungilab,
Sant Feliu de Llobregat, Barcelona, Spain). Each measurement involved adding 50 mL of
emulsion to the viscometer’s dedicated vessel and placing it on the apparatus’s surface.
The L3 head was used, and it was set to 100 rpm. The viscosity (mPa-S) was recorded
at room temperature. Each sample was measured until the value of dynamic viscosity
was stable.

2.4. Microcapsules” Formulation and Preparation

Alginate microcapsules were prepared by extrusion method. Medical 10 mL syringes
were placed in an NE-1000 Programmable Single Syringe Pump (KF T technology SRL,
Rozzano, Italy) and used to form microcapsules. The drops of emulsion were ejected
from the needle into the crosslinker solution. The height from the needle to the solution
surface was 20 cm, and the pumping speed was 0.5 mL/min. A solution of 3% calcium
chloride was used as a crosslinker. Microcapsules were prepared by using an MSH-20A
magnetic stirrer at 150 rpm. Particles in the crosslinker solution were stirred for 15 min,
and then the microcapsules were filtered using filter paper and washed with distilled water.
Manufactured capsules were left to dry at room temperature for 24 h. Dried and wet
microcapsules were stored in sealed tubes until further tests.

Chitosan microcapsules were prepared similarly to alginate microcapsules. Medical
10 mL syringes were placed in an NE-1000 Programmable Single Syringe Pump (KF T
technology SRL, Rozzano, Italy) and used to form microcapsules. A 1% sodium hydroxide
solution was used, and the magnetic stirrer MSH-20A was set at 130 rpm. Chitosan gel was
slowly dropped from the syringe (13 cm, 0.2 mL/min) to the 1% sodium hydroxide solution.
Particles in the cross-linker solution were stirred for 20 min, and then the microcapsules
were filtered using filter paper and washed with distilled water. Manufactured capsules
were left to dry at room temperature for 24 h. Dried and wet microcapsules were stored in
sealed tubes until further tests.

2.5. Physical Parameters of Microcapsules
2.5.1. Size and Shape of the Microcapsules

Microcapsule sizes were determined using a digital caliper (BGS Technic, Wermel-
skirchen, Germany). Thirty microcapsules were measured to calculate the mean and
standard deviation of their diameters, both in dried and freshly prepared samples.

To examine morphological features, a light microscope Nikon H550S (Nikon, Chiyoda
Ku, Japan) with an integrated monitor display was utilised. Emulsions and dried microcap-
sules were observed at 10x objective magnification using the NIS-Elements D3.2 program.

2.5.2. Firmness of the Microcapsules

Microcapsule firmness was evaluated with the TA . XT.plus texture analyser (Texture
Technologies, Brewster, NY, USA). Using a P/100 platen probe, the force required to
compress a 2 mm microcapsule was measured on freshly prepared samples. The maximum
force was set at 6500 g. Each sample was analysed with five microcapsules, and the mean
and standard deviation were calculated from five measurements.

2.5.3. Swelling Characteristic of Microcapsules

Dried microcapsules were swelled in water [30]. After 4 h, the microcapsules were
weighed. Swollen microcapsules were then separated, filtered through a metal mesh, and
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dried with a paper towel to remove excess fluid. The swelling index (SI) was calculated
using the following formula:
Ws — Wi
1 (%) = ——=—-100%
SI (%) Wi 00%
where W is the weight of swollen microcapsules at the time, and Wj is the dried microcap-
sules’ weight.

2.6. Total Content of Active Compounds and In Vitro Release and Analysis of Microcapsules
2.6.1. In Vitro Release of Active Compounds

The test used the Sotax AT7 Smart Dissolution System (SOTAX AG, Aesch, Switzer-
land). The gastric medium was prepared according to the European Pharmacopoeia. To
prepare gastric juice, 2.0 g of NaCl, 80 mL of 1 M HCl solution, and 3.2 g of pepsin were
combined with distilled water to reach a volume of 1000 mL (pH = 1.2). Simulated in-
testinal juice was made using 6.8 g of KH,POy, 77.0 mL of 0.2 M NaOH solution, 10 g of
pancreas powder, and distilled water up to 1000 mL. Samples in the gastric medium were
incubated for 30-90 min before transferring to the intestinal medium for another 30-90 min.
Sampling for HPLC analysis occurred every half hour within the total in vitro release time
of 0-270 min.

For HPLC analysis, samples were filtered and prepared to detect isoflavones daidzein,
genistein, and biochanin A.

2.6.2. Total Phenolic and Flavanoid Content

The total phenolic content was determined as in our previous research [31]. Folin—
Ciocalteu’s phenol reagent (1:9 dilution in distilled water) was used. A 0.5 mL sample
was combined with 2.5 mL of 7% sodium carbonate. After mixing, the absorbance was
measured at 765 nm after 1 h using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan).
Gallic acid served for the calibration curve, with results expressed as mg GA/g dw gallic
acid equivalents.

Flavonoid content was measured by mixing 0.1 mL of extract with 1.0 mL of 96%
ethanol, 0.05 mL of 33% acetic acid, 0.15 mL of 10% aluminium chloride, and 2 mL of 5%
hexaethylenetetraamine. After a 30-min reaction at a 475 nm wavelength, spectrophotomet-
ric analysis was conducted. Results were presented as rutin equivalents in mg RE/g dw,
using a calibration curve from rutin standards.

2.6.3. Isoflavones Determination Using High-Performance Liquid Chromatography

The release of daidzein, genistein and biochanin A were determined using high-
performance liquid chromatography (HPLC) with diode array detectors (HPLC-PDA). The
analysis was conducted using the Shimadzu Nexera X2 LC-30AD HPLC system (Shimadzu,
Tokyo, Japan), equipped with an SPD-M20A diode array detector (DAD). The isoflavones’
research conditions are described in the previous work of Kazlauskaite et al. [32].

2.7. Statistical Analysis

Data were analysed using SSPS version 20.0 (IBM Corporation, Armonk, NY, USA).
Physical parameters of emulsions and microcapsules (except for size) and total phenolic
and flavonoid content experiments were performed three times. The size of microcapsules
was performed using 30 microcapsules. Data are expressed as mean =+ standard deviation
(S.D.). The comparisons between three different measurements were made using Friedman
and Wilcoxon tests. In addition, comparisons between the two groups were made using
the Mann-Whitney U test. The results were considered statistically significant at p < 0.05.
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3. Results and Discussion
3.1. Determination of Chitosan and Alginate Emulsions Parameters
3.1.1. Emulsions Formation, Stability and Active Compounds Concentration

Various formulations of alginate emulsions were prepared, and their stability was
assessed. In the case of alginate emulsions, variations in the concentration of additional
water or extract did not significantly affect microcapsule formation. Consequently, our
focus shifted towards investigating the impact of emulsifiers and alginate concentrations
on both emulsions and microcapsules.

Conversely, when employing chitosan, the choice of extract proved to be influential
in microcapsule formation. Notably, red clover extract altered the pH, hindering the for-
mation of microcapsules at higher extract concentrations. Consequently, this investigation
with chitosan prioritised assessing the effects of emulsifiers and the maximum extract
concentration on both emulsion and microcapsule properties.

Optimal stability of alginitic samples was observed in formulations wherein extract
concentrations remained below 35% (Table 1). The stability of these emulsions was sys-
tematically tested at three centrifugation speeds: 3000, 5000, and 7000 rpm. Following
optimisation, eight preparations with alginate were identified as the most stable under
centrifugation up to 5000 rpm. Formulations 3A and 4A notably exhibited stability, even at
7000 rpm.

Four samples were selected for further investigation into alginate emulsions: A1M,
A2M, A1B, and A2B and their stability is provided in Figure 1. These emulsions featured
varying concentrations of alginate solution (Al and A2), specifically 0.5% (A2M, A2B) and
2% (A1M, A1B). The emulsifiers were mustard extract “M” and 3-CD-"B” (Table 3). The
stability of all alginate emulsion samples is provided in Figure 1.

100 = ]

Stability, %

AIM A2M AIB AZB CIE C2B CIP CZ2P

Samples

Figure 1. Stability at 7000 rpm on alginate and chitosan emulsions. The results are mean values
(n = 3). Sample meanings are provided in Table 3.

In the study conducted by Wu et al., it was found that mustard extract outperformed
gum arabic and citrus pectin in terms of both emulsion stability and surface activity among
these three polysaccharides [33].

White mustard powder is rich in phytonutrients, particularly glucosinolates, and
contains various minerals known for their anti-inflammatory properties, such as selenium
and magnesium. Additionally, it serves as a good source of omega-3 fatty acids [34].
Mustard extract facilitates the formation of traditional emulsions and enhances the final
product with supplementary advantages.

-CD has extensive applications in the pharmaceutical industry. Its utilisation for
preparing emulsions or enhancing their stability alongside conventional emulsifying agents
has garnered increasing attention in research areas. Cyclodextrins’ capacity to facilitate
emulsion formation has been extensively explored in the food and cosmetic industries.
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Studies comparing a-CD, B-CD, and y-CD have revealed that 3-CD exhibits the most
pronounced emulsifying effect in the formation of Pickering emulsions [35,36].

In the alginate emulsions, xanthan gum was used as a co-emulsifier to enhance
the stability of the system. In the literature, it was reported that higher xanthan gum
concentrations ensure reaching the critical viscose concentration and complete retardation
of creaming in emulsions [37].

In a parallel investigation, different concentrations and molecular weights of chitosan
gels were prepared for emulsion formation, including 2% MMW chitosan gel, 4% MMW chi-
tosan gel, 2% HMW 80/1000 chitosan gel, and 2% HMW 80/3000. Preliminary assessments
determined that the chitosan solution could yield stable emulsions and sufficiently robust
microcapsules. All chitosan gels were used with red clover ethanolic extract exclusively.
Among them, 2% HMW 80/1000 was the sole chitosan solution that formed microcapsules
at a minimum 2% acetic acid concentration. Consequently, all emulsions performed in this
research were developed using this specific chitosan (HMW 80/1000).

Similarly to the alginate emulsions, stability evaluations were conducted at three
centrifugation speeds: 3000, 5000, and 7000 rpm. While six formulations exhibited high
stability, formulations 4C and 5C demonstrated remarkable stability even under centrifuga-
tion up to 7000 rpm, albeit not reaching 100% (Table 2). Four samples—C1P, C1B, C2P, and
C2B—were chosen to investigate chitosan emulsions further. The chitosan concentration in
samples was the same, but the amount of ethanolic red clover extract used differed between
C1 (10%) and C2 (20%) (Table 3). Different emulsifiers in formulations were used where “P”
signifies polysorbate 80 as the emulsifier (C1P and C2P) and “B” represents 3-CD (C1B and
C2B). The stability of all chitosan emulsion samples is provided in Figure 1.

In emulsions, chitosan acts not only as a shell material for later microcapsules but
also as an emulsifier and emulsion stabiliser. It achieves this by forming a protective layer
at the interfaces between oil and water, enhancing viscosity, and interacting with various
surface-active agents such as surfactants, proteins, and polysaccharides [38]. Nevertheless,
using higher concentrations of ethanolic red clover extract, such as in alginitic emulsions
with chitosan, did not form stable emulsions or formed the emulsions, but was not enough
to form robust microcapsules. Lowering chitosan concentration and increasing emulsifiers
such as polysorbate 80 or 3-CD did not yield the desired effect. Using xanthan gum to
stabilise the emulsion system also did not help, and the emulsions were too thick for
microcapsule formation. Therefore, the xanthan gum was removed from the formulation,
and the chitosan concentration was increased.

Polysorbate 80 stabilisation mechanism resides in the surfactant’s ability to reduce the
interfacial tension by relatively short periods, and being a harmless surfactant contributes in
more than one way to improve the efficacy of the drug in terms of increasing the solubility,
bioavailability, and permeability of the drug [39,40].

Efforts have been dedicated to enhancing chitosan’s capability to transport hydropho-
bic substances, primarily through the functionalisation of its structure with cyclodextrins.
In certain studies, researchers have combined the advantages of both carriers to engineer
more efficient carrier systems. These innovations offer enhanced mucoadhesive properties
for the effective release of drugs in biomedical applications, as well as improved protein
delivery, sustained release of insecticides’ and removal of environmental contaminants.
The results indicate that these carrier systems show promise as potential candidates for
extending the longevity of sensitive or volatile compounds when exposed to environmental
conditions [41,42].

In this research, after the preparation of stable emulsions, the total content of ac-
tive compounds was determined in each sample (Table 4). Comparing the results of the
emulsions with alginate, it is clear that the microcapsules with mustard would contain
more bioactive ingredients. The mustard extract contains phenolic compounds, including
flavonoids. The higher phenolic and flavonoid content was found in the A2M sample
(Table 4). Nevertheless, the difference between the samples was statistically insignificant.
The same situation was observed in samples A1B and A2B; even though sample A2B had
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higher bioactive ingredient concentrations, the differences were negligible in emulsions
(Table 4).

Table 4. The total content of active compounds in the emulsions. The results are mean values (n = 3).
Sample meanings are provided in Table 3.

Total Phenolic Content, Total Flavonoid Content,

mg GA/g mg RU/g Daidzein, ugl/g Genistein, ug/g Biochanin A, ug/g
Red clover extract 102,56 + 2.15 29.43 4 0.36 1066.97 + 20.45 205.77 + 12.89 139.73 + 7.62
(concentrated)
Mustard extract 2243 +1.21 13.97 4+ 0.39 - - -
AIM 66.62 + 1.56 20.62 + 0.52 642.54 + 21.34 119.22 + 3.46 82.69 + 3.66
A2M 67.62 + 1.68 20.95 + 0.25 638.36 + 32.41 126.32 + 5.33 81.20 + 6.87
A1B 60.62 + 1.32 18.65 + 0.81 66445 + 18.22 124,47 + 697 84.92 +5.12
A2B 61.45 + 145 18.82 4 0.95 648.92 + 24.81 12612 + 4.23 79.16 + 5.73
cip 10.11 +0.19 247 +0.06 99.68 + 6.68 18.64 + 1.92 1191 + 075
c2p 17.98 + 0.54 562 +0.28 206.96 + 12.87 34.99 + 6.98 23.78 + 2.64
C1B 9.98 +0.12 2.89 +0.19 94.79 + 8.82 1833 +3.14 1215+ 0.58
2B 18.61 + 0.68 578 +0.22 21046 + 11.56 36.21 + 5.74 24,54 £ 1.01

In the formulations C1 and C2 of chitosan, the extract quantities used differ (C1—10% and
(C2—20%). Therefore, samples C2P and C2B had the highest bioactive compounds yields—C2B
yielded 21046 + 11.56 ug/g daidzein, 36.21 + 5.74 ug/g genistein and 24.54 + 1.01 ug/g
biochanin A; C2P consisted of 206.96 + 12.87 ug/g daidzein 34.99 & 6.98 ug/g genistein and
23.78 + 2.64 ug/g biochanin A. The statistical difference of bioactive compounds between
the formulations and emulsifiers was insignificant (Table 4).

The overall concentration of ethanolic red clover extracts in chitosan emulsions is
lower compared to emulsions with alginate. Therefore, the results were lower in active
compounds in all samples; the same concentrated ethanolic red clover extract was used.

The concentrated red clover extract was used in this research in order to have as
high of an isoflavone concentration as possible. Red clover serves as the primary source
for effectively isolating isoflavones. Utilising preparations abundant in isoflavones like
genistein, daidzein, and biochanin A offers benefits for various conditions, including mood
disorders, sedation, and alleviating hot flashes, among others.

3.1.2. Physical Emulsions Parameters

The dynamic viscosity values displayed variations among the samples. Alginate
samples exhibited lower dynamic viscosity than chitosan samples (Table 5). Comparing the
samples, it is noticeable that the used emulsifier influenced dynamic viscosity. Incorporat-
ing B-CD as an emulsifier, in contrast to mustard extract, increased viscosity significantly.
Emulsions formulated with a 2% alginate solution demonstrated statistically significant
higher viscosity (samples A1IM and A1B—3460.6 + 51.2 and 4425.8 4 78.4 mPa-s, respec-
tively) compared to those with a 0.5% alginate solution (A2M and A2B—2882.0 + 87.8 and
3072.3 + 47.1 mPa-s, respectively) (Table 5).

Table 5. Parameters of emulsions. The results are mean values (n = 3). Sample meanings are provided
in Table 3.

Sample Dynamic Viscosity, mPa-s Dx(10) Dx(50) Dx(90) Uniformity
AIM 3460.6 = 51.2 0.449 0.561 0.931 0.365
A2M 2882.0 +-87.8 0.469 0.589 0.944 0.370
AlB 44258 +78.4 0.387 0.525 0.934 0.399
A2B 3072.3 +47.1 0.402 0.550 0.981 0.396
cip 5456.4 & 63.6 139 219 3.81 0.346
C2p 4654.5 + 81.9 1.31 2.00 3.82 0.346
C1B 5156.6 4= 58.4 1.58 2.64 391 0.319
C2B 4284.8 + 65.3 152 2.50 3.94 0.357
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Notably, the chitosan sample C1P, with a polysorbate 80 emulsifier, exhibited the
highest viscosity at 5456.4 £ 63.6 mPa-s (Table 5). Polysorbate as an emulsifier is much
denser than 3-CD, so the samples prepared using this emulsion had thicker properties.
Decreasing ethanolic red clover extract concentration in formulation resulted in more
viscous emulsions, while increasing concentrations and the use of 3-CD compared to
polysorbate 80 yield more fluid emulsions.

Precise particle size control in emulsions is crucial for improving stability, bioavail-
ability, and sensory qualities in the pharmaceutical and food industries, leading to better
formulations and consumer experiences. Microemulsions, with their smaller droplet sizes,
are particularly effective in enhancing drug delivery and improving the texture and appear-
ance. Particle size varies based on the application. Macroemulsions have larger droplets
the size of 1-100 pm, while microemulsions are 100 to 1000 nm [43-45]. In this study, oil
droplet size was evaluated in the emulsions. The percentiles D10, D50, and D90 indicate
the size for which 10, 50, and 90% of the particles are equal to or less, respectively (Table 5).
Figures 2 and 3 show the particle size distribution for eighth emulsions in the microscope
view and in a graph. The alginate emulsion droplets range from 0.3 to a maximum of
5.6 um in size (Figure 3).

Figure 2. Microscopic pictures of emulsions (magnification 10x).

The emulsions’ microscopic view also shows that the droplet sizes in alginate samples
vary. The particle size where the cumulative distribution is 50% is the median droplet
diameter. The emulsions with alginate had 50% of the particles under 0.589 um, compared
to chitosan emulsions, which was 2.64 um, which was much higher. The chitosan emulsion
droplets range from 0.8 to a maximum of 18.7 um in size (Figure 3). A similar view can also
be observed in Figure 2; alginate samples droplet sizes were smaller than chitosan. The
chitosan emulsion droplet sizes were significantly higher compared to alginate emulsions
(Figure 3).

In this study, the emulsions prepared with alginate, characterised by droplet sizes
ranging from 0.3 to 5.6 um, can be classified as microemulsions. It is essential to note
that microemulsions are often defined not just by their particle size (100 to 1000 nm)
but also by their thermodynamic stability. This stability arises from the spontaneous
formation of droplets, minimising the system’s free energy without requiring external
energy for emulsification. In contrast, the chitosan-based emulsions, with droplet sizes
from 0.8 to 18.7 um, align more closely with macroemulsions, which are typically kinetically
stable rather than thermodynamically stable. This distinction underscores the inherent
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stability advantages of microemulsions, which may offer significant benefits in applications
requiring long-term stability without phase separation [46].
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Figure 3. The graph of particle size distribution of (A)—alginate emulsions and (B)—chitosan
emulsions. The results are mean values (1 = 3). Sample meanings are provided in Table 3.

In this study, the oil was dispersed within a gel and water phase. Water has a refractive
index of 1.33. This index is notably similar to those of alginate and chitosan solutions (rang-
ing from 1.33 to 1.35) [47-49]. So, the water refractive index was used for the research to
determine oil sizes. This close refractive alignment is crucial as it ensures the compatibility
of the emulsion. Chitosan and alginate play integral yet distinct roles in the stabilization of
emulsions. Chitosan, a cationic biopolymer, contributes to emulsion stability by forming a
protective barrier around oil droplets, which prevents them from coalescing. Its positive
charge effectively interacts with the negatively charged components of the oil, enhancing
the emulsion’s stability [38]. On the other hand, alginate, an anionic biopolymer, stabilizes
emulsions by increasing the viscosity of the aqueous phase and forming a gel matrix that
traps oil droplets. This prevents them from merging and settling, thereby maintaining
the uniformity and consistency of the emulsion [50]. Each biopolymer’s compatibility
with the aqueous phase underpins its effectiveness in emulsion stabilization, highlighting
the importance of selecting appropriate stabilizers based on their charge and interaction
characteristics with the dispersed phase.

Uniformity in droplet size distribution is a critical factor contributing to the consistency
and quality of emulsion-based products. Uniformity is a measure of absolute deviation
from the median; comparing the uniformity of the same formulation samples but using
different alginic concentrations, it is clear that sample uniformity was not the same but
statistically insignificant (p > 0.05). Therefore, alginate concentration did not influence oil
particle size. Using 3-CD as an emulsifier, emulsions had higher uniformity but lower
density than using mustard extract. In chitosan samples, the uniformity was almost the
same. It was the same in both polysorbate samples. In the samples with 3-CD, uniformity
was similar. Uniform particle size can affect not just the aesthetic appeal of products but
also the effectiveness of active ingredient delivery. If the uniformity is up 0.3, it might still
be acceptable to consider an emulsion as having reasonably uniform droplet sizes, as can
be said about all the samples in this research.
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3.2. Microcapsules Formation
3.2.1. Physical Parameters of Microcapsules

Following the evaluation of emulsion stability, microcapsule formation using the
emulsions was explored. The transition from stable emulsions to robust microcapsules
marks a critical step towards achieving the goal of enhancing the delivery and efficacy
of bioactive compounds. The microcapsules’ physical parameters, including size, water
absorption, morphology, and in vitro release profiles of phenols and isoflavones genistein
daidzein and biochanin A are discussed below, illustrating the impact of our selected
emulsifiers on improving bioactive compound encapsulation.

All microcapsules formed were spherical in shape and exhibited various shades of brown
colouration. When placed in water, some appeared slightly yellowish (Figures 4 and 5).

A1M

Figure 4. Microscopic pictures of microcapsules. On the top row are freshly prepared microcapsules in
the preparation solution, and on the bottom are dried microcapsules. Sample meanings are provided
in Table 3.

o un

alE - cIP — cae

Figure 5. Dried microcapsule’s microscopic view via light microscope (100x). Sample meanings are
provided in Table 3.

Alginate microcapsules exhibited greater uniformity compared to those formed with
chitosan. Microcapsules containing mustard extract appeared darker due to the extract’s
light brown colouration, accompanied by a subtle mustard aroma. Notably, when 3-CD
was employed as an emulsifier, microcapsules exhibited reduced aggregation and achieved
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a more consistent morphology, contrasting with those formed using mustard extract as an
emulsifier. When extruding alginate microcapsules, it was found that the optimal height
from the needle to the solution surface was 20 cm, with minimal effect observed upon
further increases. However, the pumping speed proved to be more critical, as exceeding
0.5 mL/min led to irregular capsule shapes.

When producing chitosan capsules at elevated heights, the formation of “tails” was
observed, while higher emulsion ejection rates failed to yield uniform capsules. Due to the
thicker consistency of chitosan emulsions, a lower pumping speed was necessary. Although
various heights and speeds were tested, the methods outlined in Section 2.4 consistently
yielded the most uniform microcapsules (Figure 5). Using polysorbate 80 as an emulsifier
created more round microcapsules compared to 3-CD.

When comparing chitosan and alginate capsules, it was observed that alginate micro-
capsules appeared rounder and exhibited a similar structure. During extrusion, chitosan
microcapsules tended to form longer shapes, yet after complete water evaporation, they
appeared smaller compared to alginate microcapsules (Figures 4 and 5).

The sizes of freshly prepared microcapsules varied depending on alginate concen-
tration (Table 6). Microcapsules with lower alginate concentrations were bigger, but their
swelling capacity was lower compared with microcapsules with higher alginate concen-
trations. Microcapsules with mustard extract were bigger compared to microcapsules
with 3-CD. 3-CD, composed of seven glucose units, features a unique structure with a
hydrophobic cavity and a hydrophilic exterior. This enables it to form inclusion complexes
with hydrophobic compounds like oils or lipids, often found in emulsions [51]. By encap-
sulating these hydrophobic components, 3-CD improves their stability and dispersibility
in water-based systems, resulting in smaller microcapsules due to enhanced emulsion
stabilisation. The capsules underwent drying and shrinkage. By the end of the day, their
weight remained constant, indicating stability. The correlation between size and weight
remained consistent. Notably, the largest capsules measured were A2M, prepared with
alginate and mustard extract, measuring 1.74 4= 0.06 mm (Table 6).

Table 6. Microcapsules firmness and swelling parameters. The results are mean values (1 = 3). Sample
meanings are provided in Table 3.

Microcapsules Diameter (mm)

Firmness, g Swelling, %
Wet Dry

AIM 4400.01 + 159.66 2.58 4 0.06 1.49 £0.10 135.37 4 2.45
A2M 3138.10 + 104.12 3.06 £ 0.03 1.74 £ 0.06 124.86 + 1.56
Al1B 3512.23 £+ 51.97 2.18 £0.04 1.35+0.07 146.11 £ 1.67
A2B 2609.90 + 214.37 2.46 £ 0.08 1.46 £0.12 132.82 £ 1.11
c1p 1144.91 + 110.29 1.79 £ 0.09 1.22+£0.08 268.19 £ 1.65
C2pP 538.31 +20.32 1.97 +£0.05 1.27 £0.06 310.85 £ 3.56
C1B 1266.78 4 97.97 2.37 4+ 0.05 1.32+£0.08 271.52 £+ 2.64
C2B 960.40 + 60.59 2.15 £ 0.02 126 £0.11 24839 + 1.84

In chitosan microcapsules, the use of polysorbate 80 yielded smaller microcapsules
compared with 3-CD. The study by P. Eslami (2017) et al. supported our findings, indicat-
ing that the use of 3-CD significantly increased microcapsule size compared to polysorbate
80. Additionally, it was noted that adjusting the amount of 3-CD polysorbate 80 in the for-
mulation had a significant impact on both encapsulation efficiency and particle size [52]. In
chitosan microcapsules with 3-CD, the swelling capacity was opposite that of the alginate-
based samples: larger microcapsules exhibited higher water retention. The same trend
was observed in microcapsules with polysorbate 80 as well, where larger microcapsules
demonstrated a higher swelling capacity. Polysorbate 80 creates a protective layer that
stops water evaporation, whereas chitosan increases the viscosity and thickness of the
microcapsule wall, thereby diminishing water retention [26,53]. Like alginate microcap-
sules, those made of chitosan also experienced shrinkage. Among them, the smallest was
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the chitosan microcapsules C1P, incorporating polysorbate 80, measuring 1.22 £ 0.08 mm
(Table 6).

The alginate and chitosan samples experienced significant shrinkage, reducing by
more than 50% of their original sizes. Notably, chitosan microcapsules containing polysor-
bate 80 exhibited the least shrinkage due to their lower water content (C1P~53.70% and
C2P~55.70%). Likewise, samples containing 3-CD showed a comparable reduction of
approximately 75%. Alginate samples prepared with mustard experienced shrinkage of
around 61.56% and 68.25% for A1IM and A2M, respectively (Table 6). When comparing algi-
nate and chitosan microcapsules, a decrease in alginate concentration coupled with the use
of 3-CD leads to an increase in size. This is because fewer alginate molecules are available
for gel formation, enabling greater expansion. In contrast, increasing extract concentration
in chitosan microcapsules and incorporating 3-CD resulted in smaller microcapsules. This
is due to the reduced availability of chitosan for gel formation in ethanolic extract and
additional phenols, leading to smaller microcapsules, an effect that is further enhanced by
the presence of 3-CD.

Alginate microcapsules were much stronger than chitosan. A1M sample had the
highest firmness—4400.01 + 159.66 g/ The microcapsules prepared from emulsions with
higher alginate concentrations were harder, and the use of mustard extract also influenced
the firmness (Table 6). In the samples of alginate microcapsules, smaller microcapsules
(A1M; A1B) showed higher firmness compared to larger ones (A2M; A2B). This was
particularly noticeable in the larger capsules with lower alginate concentrations, leading to
reduced water capacity (Table 6).

The firmness of the chitosan samples was significantly lower compared to that of the
alginate samples. The stronger capsules were the ones with lower extract concentrations.
Using emulsifiers in the C1 formulation has not considerably improved the firmness.
However, using 3-CD in formulation C2 (C2B) yielded higher firmness compared to
polysorbate 80 sample (C2P).

3.2.2. In Vitro Release of Bioactive Compounds from Microcapsules

In this research, in vitro release from all the capsules was investigated, and total pheno-
lic compounds (Table 7) and isoflavones—daidzein, genistein and biochanin
A—were determined in the media (Figures 6-8). Chitosan microcapsules were fully sol-
ubilised in the stomach media; therefore, after 90 min, they were not continuously put
through the intestine media. However, alginate microcapsules are soluble only in the alka-
line media, so the active compounds were released in the gut media (Table 6). Nevertheless,
after 270 min of in vitro release (150 min in gut media), not all alginate microcapsules
entirely disintegrated. Al formulation microcapsules were still intact, even though most of
the capsules were dissolved. These samples had the thicker shells of the increased alginate
concentration in the formulation.

Table 7. In vitro release of phenolic compounds from microcapsules. The results are mean values
(n = 3). Sample meanings are provided in Table 3.

30 min, mg 60 min, mg 90 min, mg 120 min, mg 150 min, mg 180 min, mg 210 min, mg 270 min, mg
GAE/g GAE/g GAE/g GAE/g GAE/g GAE/g GAE/g GAE/g

AIM 1.99 £0.13 2.39+0.13 2.82+0.14 16.84 + 0.16 18.32 £ 0.1 19.66 + 0.12 20.32 £0.16 20.84 £0.29
A2M 2.31£0.1 28+02 3.23 £ 0.07 17.34 £ 0.05 18.26 + 0.12 18.76 0.1 22.71 £0.08 28.97 £0.14
AlB 1.79 £ 0.02 2.03 4+ 0.08 3.04 +0.08 1423+ 0.1 14.88 + 0.16 15.94 +0.18 17.4 £0.08 17.92 + 0.06
A2B 1.6 +0.08 2.45+0.02 3.05 + 0.06 15.35 +0.12 16.98 + 0.09 17.42 £0.12 18.33 +0.02 23.65 +0.09
C1pP 9.2 £041 13.56 + 0.46 14.83 + 0.64 - - - - -
c2pr 11.42 4+ 0.56 16.5 £ 0.25 18.14 £ 0.19 - - - - -
C1B 7.98 +0.26 11.654+0.2 14.52 + 0.56 - - - - -
C2B 10.11 £ 0.18 14.65 £ 0.16 16.59 + 0.6 - - - - -
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Figure 6. In vitro release of genistein from microcapsules. (I)—the release of microcapsules from
alginate; (II)—the release of microcapsules from chitosan. The results are mean values (1 = 3). Sample
meanings are provided in Table 3.
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Figure 7. In vitro release of biochanin A from microcapsules. (I)—the release of microcapsules from
alginate; (IT)—the release of microcapsules from chitosan. The results are mean values (1 = 3). Sample
meanings are provided in Table 3.
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Figure 8. In vitro release of daidzein from microcapsules. (I)—the release of microcapsules from
alginate; (IT)—the release of microcapsules from chitosan. The results are mean values (1 = 3). Sample
meanings are provided in Table 3.

The bioactive compounds from microcapsules were released gradually. Most of the
phenolic compounds were released from the microcapsules, but some extract losses oc-
curred during the microencapsulation process. The highest phenolic content of alginate
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microcapsules was released after 210 min. The formulation A2 (when the alginate concen-
tration was 0.5%) solubilised faster than the Al formulation with either 3-CD or mustard
extract (Table 7).

Chitosan microcapsules also gradually solubilised the C2 formulation, releasing almost
all the active compounds. As in the alginate microcapsules, active compounds were lost
because of the microencapsulation process and washing off of the extract. Nevertheless, by
combining microcapsules of chitosan and alginate, it would be possible to obtain a product
that can be soluble in the stomach and intestine for the best effect.

The release of three isoflavones—genistein, daidzein, and biochanin A—from micro-
capsules was assessed. Figure 6 illustrates the release of genistein from both alginate and
chitosan microcapsules. Studies on portal vein plasma levels have indicated that genistein
exhibits higher bioavailability in its aglycon form compared to its glycoside counterpart.
Specifically, genistein is only partially absorbed in its glycosidic form [54]. Because of this
reason, red clover extract was prepared by combining ultrasound processing and heat
reflux. This extraction helps yield genistein instead of genistin. As mentioned before,
after 270 min of in vitro release, only samples AIM and A1B did not completely dissolve,
suggesting that not all of the active compounds were released. Most of the genistein was
released in the sample A2B—62.85 & 1.89 ug/g. The lowest concentration of genistein was
released from sample AIM—46.57 & 1.4 ug/g (Figure 6]). Genistein was released gradually,
with formulation A2, particularly with -CD, yielding superior results. Cyclodextrins
(CDs) facilitate the delivery of poorly water-soluble and chemically unstable drugs to
the body, thereby enhancing drug solubility when incorporated into microcapsules [55].
Genistein is mainly absorbed in the gastrointestinal tract, especially in the small intestine,
where nutrient absorption primarily occurs. Its excellent bioavailability ensures efficient
absorption throughout the gastrointestinal tract [56].

A similar trend was observed in chitosan microcapsules, where the incorporation of
B-CD as an emulsifier resulted in improved genistein release. Specifically, formulation
C2 exhibited higher isoflavone release, but within this formulation, the sample with 3-
CD (C2B) demonstrated greater genistein release compared to C2P with polysorbate 80
(Figure 61I).

A similar release trend was observed for daidzein and biochanin A, mirroring that
of genistein. Biochanin A exhibits rapid absorption in the gut owing to its favourable
permeability and lipophilic properties. Despite this, biochanin A is noted for its poor
bioavailability [57]. The release of biochanin A is shown in Figure 7.

As alginate microcapsules are not soluble in acidic conditions, the release of isoflavones
in stomach media is limited. The isoflavones that were released may have remained on the
surface after microencapsulation. Most of the biochanin was released after 210 min in vitro
(Figure 7I).

All chitosan samples were completely dissolved in stomach media. Among them, C2
formulations exhibited the highest release rates (Figure 7II). However, the concentrations
of released biochanin A were relatively low. This may be attributed to its poor solubility,
despite attempts to enhance it with the excipients used in the microcapsules.

Most of all, isoflavones daidzein was released in the highest concentrations in chitosan
and alginate microcapsules (Figure 8LII). Because of its chemical structure, daidzein as
genistein and biochanin A exhibit low solubility in both water and lipids. Consequently,
it is primarily absorbed in the intestinal tract following oral administration and readily
undergoes metabolism, forming glucuronic acid or sulfuric acid conjugates [58].

Formulations A2 and C2, especially when formed with 3-CD, demonstrate consid-
erable potential for further refinement and advancement as proficient delivery systems
for bioactive compounds. Moreover, incorporating mustard into alginate-based samples
can enhance microcapsules by enriching them with additional flavonoids and phenolic
compounds. Determining the in vitro release of isoflavones provides valuable insights into
their behaviour in formulated products, aiding in the development of effective delivery
systems and therapeutic strategies.
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4. Conclusions

In conclusion, this study demonstrates the effectiveness of mustard extract and 3-CD
as emulsifiers in forming stable microcapsules, with alginate showing high stability. The
choice of emulsifier significantly influences microcapsule morphology, emphasising the
need for careful formulation design. Alginate microcapsules exhibit controlled release in
both formulations, while chitosan microcapsules dissolve in stomach media, suggesting
targeted delivery potential. The A2 and C2 formulations showed the most potential of all
the samples with optimal swelling, release and firmness. Incorporating 3-CD enhances
bioactive compound release, offering opportunities for improving delivery systems in
both gelificators samples, whereas mustard with alginate could additionally enrich the
samples with phenols. Future research should focus on refining formulations for enhanced
efficiency and kinetics. The use of alginate and chitosan microcapsules in a single pill
holds promise for versatile delivery systems. These microcapsules, soluble in both stomach
and intestines, containing phenols and isoflavones from red clover, could offer enhanced
bioavailability and targeted delivery, benefiting various applications in health supplements,
foods, pharmaceuticals, and drug delivery systems. Future investigations should focus
on the clinical implications of these delivery systems, exploring their safety, efficacy, and
potential benefits for human health.
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