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Abstract:

Plant polyphenols are known for their numerous health-promoting properties. This article reviews the current state of research
in two related fields, namely beneficial effects of flavonoids for human health, e.g., gut microbiome, and supercritical fluid
extraction applied to flavonoids of plant origin. The review covered research articles registered in eLIBRARY.RU, PubMed, and
Science Direct in 2005-2025. Polyphenolic compounds obtained from various berries were reported to have a positive impact
on gut microbiota, e.g., they stimulated the growth of lactobacilli, bifidobacteria, and other beneficial microorganisms, as well
as improved the adhesion of probiotic and pathogenic microbes to intestinal epithelial cells.

The review revealed some promising application areas for berry extracts in the functional food industry. Polyphenols
can be part of meat formulations due to their strong antioxidant activity. Their antimicrobial effect against a wide range of
contaminants renders them good prospects in protecting food products from microbial spoilage. Supercritical extraction is a
promising method that isolates biologically active substances from plant materials. The review summarizes its advantages and
limitations, as well as the range of prospective co-solvents.

Ultrasonication, pulse electric field, and enzymic pretreatment make supercritical extraction more efficient. In general, this
extraction method proved to be an excellent means of isolating flavonoids and related compounds from various plants and their
parts.

Keyworlds: Plant materials, flavonoids, prebiotics, biological activity, intestinal microbiota, extraction, green technologies,
supercritical fluid
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INTRODUCTION

Biologically active substances of plant origin, e.g.,
polyphenolic compounds and flavonoids, are known for
a number of beneficial effects on human health. That
is why the effect of flavonoids on gut microbiota has
attracted much scientific attention in the last decade [1].
According to The International Scientific Association
for Probiotics and Prebiotics (2017), prebiotics include
not only carbohydrates, but also polyphenols, and all
of them can be used as food components to improve
gut microbiome [2]. Flavonoids are abundant in fruits.
Russia boasts a wide diversity of wild and cultivated

berries, which are part of many food products. Yet,
their nutraceutical value seems to attract few domestic
scientists [3, 4] although this area possesses an obvious
research potential, especially in the sphere of pub-
lic health.

The list of extractants that isolate biologically ac-
tive compounds from plant materials includes alco-
hol, aqueous and alcoholic solutions, ethers, or carbon
dioxide (CO,). Each solvent has its advantages and disad-
vantages [5]. Currently, the food and pharmaceutical
industries are trying to avoid organic and toxic solvents.
The diffusion rate through the diffusive boundary layer
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between the plant material and the solvent is the most
important extraction factor. The extraction yield depends
on the efficiency of the extraction method. Inactive
and inert solvents preserve the nutraceutical properties
of the target plant components. They make it possible to
skip some labor-intensive and energy-consuming pro-
duction stages. Supercritical fluid extraction (SCFE)
is a fast-developing method in Russia, China, and the
USA. Supercritical fluids have been employed to isolate
natural components since the late 1970s. Initially, their
use was rare. Today, supercritical fluid technologies and
equipment are a promising research direction [6].

This article reviews publications that describe the
beneficial properties of flavonoids on gut microbiota and
the method of supercritical fluid extraction applied to
isolate flavonoids from plant materials.

STUDY OBJECTS AND METHODS

The review covered scientific publications registe-
red in the Russian Research Citation Index (eLIBRARY.
RU), PubMed, and Science Direct in 2005-2024. The
articles under analysis featured flavonoids, their bene-
ficial properties, and action mechanisms, as well as the
method of supercritical extraction of polyphenols as bio-
logically active compounds. The keyword list included
flavonoids, microbiota, supercritical fluid extraction,
and plant materials.

RESULTS AND DISCUSSION

Berry extracts in the food industry and medicine.
Fruits and berries are a reliable source of bioactive
extracts, and their biological properties are a popular
research subject. Polyphenolic compounds of berry
extracts are antioxidants with strong anti-inflammatory,
anticancer, and neuroprotective effects. They are
able to modulate gut microbiota, which has been
confirmed both in vitro and in vivo. Berries owe their
nutraceutical value to their phytochemical composition,
represented by a wide variety of phenols, e.g., phenolic
acids (derivatives of cinnamic and benzoic acids),
flavonoids (anthocyanins, flavanols, and flavonols), tan-
nins, stilbenes, etc. [7]. The growing scientific interest
stimulates the market of functional foods and supple-
ments, where berry extracts serve as biologically active
ingredients [8]. This fact, in turn, encourages rese-
archers to explore new applications of berry extracts
that can improve the quality of human life. This section
reviews relevant scientific data on the prospects of berry
extracts in medicine and food.

Berry polyphenolic compounds in medicine. Poly-
phenolic compounds exert a positive effect on human
health by interacting with gut microbiome. The colon
microbiome is a complex ecosystem of diverse bacteria
that controls the metabolism of chemical compounds
that are consumed with food [9]. Unfortunately, most
polyphenolic compounds, depending on their chemical
composition and polymerization, demonstrate poor bio-
availability in the digestive tract as a result of poor
absorption and rapid excretion, which means they fail

to reach the bloodstream in their natural form [10].
They need hydrolysis by either intestinal enzymes or
intestinal microbiota to transform polyphenols into
bioactive molecules that would be absorbed and trans-
ported to the target organ [11]. Many studies assess the
prebiotic effect of polyphenolic compounds and how
they affect probiotics.

Prebiotic effect of polyphenolic compounds in berry
extracts on gut microbiota. Food polyphenols interact
bidirectionally with the intestinal microbiota, stimu-
lating beneficial bacteria or inhibiting potential patho-
gens. This phenomenon is called a selective prebio-
tic effect. Such representatives of beneficial microbiota
as Lactobacillus spp. and Bifidobacterium spp. produce
more short-chain fatty acids, e.g., butyric acid, when
affected by polyphenols, especially catechins, anthocy-
anins, and proanthocyanidins [12].

Pan et al. [13] modeled healthy fecal culture fer-
mentation in vitro to study the effect of flavonoids on
structure and metabolism of the intestinal microbiota.
They tested hesperidin, hesperetin 7-O-glucoside, narin-
gin, prunin, rutin, isoquercitrin, and quercetin. Hes-
peretin 7-O-glucoside, prunin, and isoquercitrin had the
greatest effect on the structure of the human intestinal
microbiota at a concentration of 4 mg/mL, increasing
the count of Bifidobacterium, Lactobacillus, and Pre-
votella after 24 h of simulated fermentation in vitro.

Perz et al. [14] studied the effect of flavonoids on the
growth kinetics and count of pathogenic and probiotic
microorganisms. Chalcones, flavans, and flavones sub-
stituted with -Br, -Cl, -CH,, and -NO, inhibited or sup-
pressed the growth of pathogenic bacteria without affec-
ting health-beneficial probiotics. In the same research,
6-methyl-8-nitroflavone and 8-bromo-6-chloroflavone
showed a positive modulation of gut microbiome in
in-vitro digestion, raising the count of beneficial bacte-
ria and reducing the count of potential pathogens.

Meng et al. [15] studied the metabolism of quercitrin
in the colon and its effect on the colon microbiota in
mice in vivo. Quercitrin changed the beta-diversity of
gut microbiome, affecting such probiotics as Akkerman-
sia and Lactococcus. In addition, it boosted the develop-
ment of such short-chain fatty acids as propanoate, iso-
valerate, and hexanoate.

Multicomponent formulations of berry extracts had
a positive effect on gut microbiome by increasing in
the probiotic bacterial count. Attri et al. [16] studied
in vitro the sustainability of sea-buckthorn polyphe-
nols during digestion and their effect on colon micro-
biome. Fecal microbiota simulated digestion and fermen-
tation by increasing the content of polyphenols and
improving their antioxidant properties.

Sea-buckthorn juice increased the diversity of Bac-
teroides, Prevotella, Lactobacteria, and Bifidobacteria,
which indicated a potential positive effect on colon mic-
robiota. Molan ef al. [17] reported prebiotic beneficial ef-
fects of aqueous bilberry extracts with pure and mixed
human fecal cultures in vitro. Blueberry extracts stimu-
lated the growth of pure Lactobacillus rhamnosus and
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Bifidobacterium breve. A mixed fecal culture batch fer-
mentation system demonstrated similar results. When
administered daily to rats per os, bilberry extracts in-
creased the population of lactobacilli and bifidobacteria.

Berry extracts proved effective as prebiotic supple-
ments that restore the gut microbiota in various meta-
bolic disorders. Lee et al. [18] studied the effect of blue-
berry extracts on microbiome, systemic inflammation,
and insulin resistance in rats that received a high-fat diet.
Blueberry increased the count of Gammaproteobacteria,
decreased the villus length in the ileum, and improved
the insulin sensitivity.

Li and Ming [19] described the effect of mulberry
polyphenols on small and large intestinal microbiota
during type 2 diabetes. Mulberry polyphenols improved
the diversity of microbiota in both compartments. The
small intestinal microbiota was found to affect the blood
glucose balance. Mulberry polyphenols improved the
pathophysiology of type 2 diabetes.

Polyphenolic compounds have a great potential as
prebiotic supplements or synbiotic compositions that
modulate or restore intestinal microbiota affected by
chronic diseases or metabolic disorders.

Effect of polyphenolic compounds on probiotic acti-
vity: other mechanisms. Plant polyphenols promote pro-
biotic adhesion. Yuan et al. [20] studied cell surface hyd-
rophobicity and autoaggregation. Resveratrol enhanced
the adhesion of Lactobacillus acidophilus NCFM to
mucin (1.73 times), epicatechin (1.47 times), caffeic acid
(1.30 times), and hesperidin (0.99 times). Quercetin de-
monstrated a certain degree of inhibition (0.84 times).
According to a proteomic analysis, resveratrol altered
proteins on the surface of L. acidophilus NCFM, as well
as promoted the expression of mucin genes and glyco-
sylation of mucins on the surface of HT-29 cells. Similar
results were reported for resveratrol and ferulic acid [21].

Dietary flavan-3-ols altered the intestinal microeco-
logy by enhancing or inhibiting the adhesion of lactoba-
cilli strains to intestinal cells. Flavan-3-ols inhibited the
adhesion of L. acidophilus LA-5 and Lactobacillus plan-
tarum 1FPL379. Pigallocatechin gallate, on the contrary,
enhanced the adhesion of L. acidophilus LA-5 to Caco-2.
Procyanidins Bl and B2 improved the adhesion of
L. casei LC115 to HT-29 cells, while epigallocatechin
increased the adhesion of L. casei LC115 to Caco-2 [22].

Polyphenol-containing plant extracts and probiotics
demonstrate a certain synergism. When combined with
a probiotic, anthocyanin-rich blueberry extract reduced
the count of adherent viable pathogenic cells on a mucin/
BSA-treated surface more efficiently than in the sample
where the probiotic was alone [23]. When combined with
Bifidobacterium animalis Bo, blueberry extract was able
to inhibit pathogen adhesion completely.

Polyphenolic compounds of berries in the food
industry. Berry extracts as natural antioxidants in
meat products. Berry extracts with polyphenolic compo-
unds have good prospects as natural food preservatives
because synthetic alternatives may be toxic. Berry
extracts prevented the oxidation of lipids, proteins, and

pigments in meat and meat products [24]. Grape seed
and bearberry extracts reduced lipid oxidation during
storage in pork chops while maintaining their sensory
properties after cooking [25]. Blueberry extract incre-
ased the oxidative stability and antioxidant activity of
a pork roll during storage at 8°C [26]. Blackcurrant
extract (Ribes nigrum L.) in raw pork chops developed
carbonyls and reduced the amount of substances that
reacted with thiobarbituric acid during refrigerated
storage. In addition, pork chops maintained the sul-
fhydryl level in a dose-dependent manner, indicating a
significant inhibition of lipid and protein oxidation. [27]

Freeze-dried cranberries (Vaccinium oxycoccus L.)
in nitrite-free fermented sausages with venison and pork
fat reduced oxidative changes during storage [28]. Straw-
berry extracts (Arbutus unedo L.) proved more effective
than rosehip (Rosa canina L.) in reducing lipid oxida-
tion in sausages during refrigerated storage [29]. Cho-
keberry (Aronia melanocarpa L.) extract reduced oxi-
dation processes in cooked ham or raw pork burgers [30].

Berry extracts demonstrated enough antioxidant
activity for meat preservation as a prospective alterna-
tive to synthetic preservatives.

Berry extracts as antimicrobial agents against
foodborne pathogens. Some berries have polyphenolic
compounds that can disrupt the membrane of Gram-
negative bacteria and reduce their viability [31]. Such
berries are promising antimicrobial additives that pro-
tect foods from foodborne bacteria. Cranberry extracts
demonstrated a dose-dependent antimicrobial activity
against Salmonella, Escherichia coli, and C. perfringens,
as well as Staphylococcus, Listeria, Helicobacter, Bacil-
lus, and Campylobacter [31]. Cranberry extracts were
more antimicrobial than those of blueberry, raspberry,
and strawberry [32].

The antimicrobial profile of berry extracts may vary
for one and the same species depending on where the
berries grew. Georgescu et al. [33] studied antimicrobial
activities of eight berry extracts (blueberry, blackcur-
rant, gooseberry, redcurrant, raspberry, sea buckthorn,
strawberry, and cherry) collected simultancously in
Romania and Russia. The research featured seven pa-
thogenic microorganisms, i.e., Bacillus subtilis, Bacillus
cereus, Staphylococcus aureus, E. coli, Salmonella typhi,
Candida albicans, and Aspergillus niger. Most of them
showed resistance or intermediate activity against berry
extracts from both countries. Raspberry and strawberry
extracts had very low or no activity against Gram-
positive pathogenic bacteria. Strawberry extract did not
affect Gram-negative strains, while raspberry extract
demonstrated zero or very low antifungal effect. £. coli
proved to be the most berry-sensitive microorganism,
especially to cherry extract, followed by sea buckthorn
and blackcurrant. S. typhi proved to be the most berry-
resistant microorganism. However, most Romanian
berries showed higher antimicrobial efficacy against
B. subtilis, B. cereus, S. aureus, S. typhi, and C. albicans,
while Russian berries were more effective against E. coli
and A. niger.
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Polyphenolic compounds of berry origin as part of
animal feed can affect the microbiological profile of pro-
ducts made from the meat of farm animals. For example,
when pigs were fed an additive with cranberry pulp, lac-
tic acid bacteria became the predominant microflora in
meat stored under anaerobic conditions. It inhibited the
growth of pathogenic bacteria [34]. A goji dietary sup-
plement in the diet of rabbits improved the oxidative
stability and increased the content of phenols in the
meat [35]. Goji berries did not affect the hygienic pro-
file of rabbit meat but boosted the growth of Lactobacil-
lus spp., thus improving the sensory profile [36].

Berry extracts as antimicrobial additives are a good
natural alternative to antibiotics. They satisfy the needs
of consumers for high-quality and safe products, as well
as allow producers to minimize the use of antibiotics in
animal feed.

Berry extracts in functional foods. Fruit and berry
juices are part of many fermented beverages, the most
popular raw materials being pomegranate, mulberry,
cherry, blueberry, blackberry, and goji. They act as a car-
rier matrix for probiotics [37]. Black goji juice (Lycium
ruthenicum Murr.) developed more phenolic acids, gallic
or chlorogenic, as well as flavonoids, amino acids, and
dipeptides, when it was used to ferment Lactobacil-
lus rhamnosus GG. Black goji juice also increased the
production of lactic acid and the viability of probiotics
during 24 h of fermentation [38].

When fermented with L. plantarum, sea-buckthorn
(Hippophae rhamnoides L., subsp. carpatica) juice was
used as a food matrix and caused a significant increase
in phenols and flavonoids with a lactobacillus count of
8.5 log CFU/mL [39]. Markkinen et al. [40], who studied
chokeberry, sea-buckthorn, and lingonberry juices fer-
mented with L. plantarum and Oenococcus oeni, obtai-
ned different results. In their case, fermentation of
chokeberry juice with DSM 10492 strain reduced the
content of flavonols by 9-14% and hydroxycinnamic ac-
ids by 20-24%. The content of flavonol glycosides and
sugar in sea buckthorn remained unchanged, as did the
content of anthocyanins in chokeberry.

The phenolic profile of mulberry juice demonstrated
an increase in the total concentration of anthocyanins,
phenols, and flavonoids, when fermented with L. planta-
rum, Lactobacillus acidophilus, and Lactobacillus para-
casei. The best result belonged to L. plantarum [41].

Therefore, fermentation with lactic acid bacteria in
non-dairy functional drinks increases the bioavailability
of polyphenolic compounds. The synergistic action of
probiotics and prebiotics have a beneficial potential for
consumers’ health.

Polyphenolic compounds from plant extracts: other
applications. Flavonoids with two aromatic rings linked
by C-C bonds and a 3-C-oxygenated heterocycle are
the most diverse group of berry polyphenols [42]. Fla-
vonoids (pure, in plant extracts, or combined with pro-
biotics) can be used in agriculture.

In aquaculture, the freshwater dark sleeper (Odon-
tobutis potamophila Ginther, 1861) improved its gut flora

and increased the species range of probiotics Bacillus spp.
and Lactobacillus spp. after exposure to 2.5 mg/L of quer-
cetin. However, 5 and 10 mg/L of quercetin inhibited the
growth of Lactobacillus spp. [43].

In cattle farming, natural plant extracts with flavo-
noids and probiotics proved to be a promising alterna-
tive to antibiotics. Weaned piglets that received flavono-
ids from Tartary buckwheat (Fagopyrum tataricum (L.)
Gaertn.) supplements improved their average daily gain,
immune capacity, and the antioxidant activity of L. plan-
tarum. A combination of flavonoids from Tartary buck-
wheat and probiotics promoted nutrient digestibility [44].

In poultry farming, flavonoids from hawthorn-leaf
in the diet of breeding hens affected the microbiota that
the hens transmitted to chickens. The probiotic count in
meconium increased, as did the average daily gain, while
the feed conversion ratio of chickens went down [45].

Modern methods and trends in plant material
extraction. Types of extraction. Plant materials are an
important source of biologically active substances, e.g.,
polyphenolic compounds. When extracted, they are ex-
pected to maintain their initial integrity and biological
activity. The content of valuable components in extracts
varies greatly.

Polyphenolic compounds, such as flavonoids, are ex-
tracted with water vapor (lipid fraction), water, oil, glyce-
rol, or organic solvents. Other methods include subcri-
tical carbon dioxide extraction, supercritical extraction
(desorption), and various combined techniques [46, 47].

Extraction is a popular method to obtain biologically
active compounds. Table 1 summarizes the existing me-
thods for extracting target components from plant mate-
rials with brief technological descriptions [48].

The extraction process should meet the following
requirements: it is fast, simple, and cheap; the extract
is rich in the target component; the target substance
is yielded in a quantity sufficient enough to allow for
final measurements to be conducted without additional
concentration, and the waste is small and recyclable.

For many years, targeted extraction from oil have
relied on hydrocarbon or chlorinated organic solvents
in a Soxhlet extractor. Unfortunately, liquid extraction
often fails to meet some important criteria. It takes
several hours to obtain a satisfactory amount of the
active component. Most organic solvents are expensive,
and the resulting extracts are low in the target substance.
As a result, the method needs additional concentra-
tion. However, some part of the target substance may
decompose or get lost during this stage. Moreover, con-
centration often causes air-pollution [49].

Waters Corporation (USA) is a large manufacturer of
supercritical extractors [50]. The Waters Prep Supercriti-
cal Fluid Extraction system (Fig. 1) makes it possible to
substitute organic solvents with a supercritical CO,
atmosphere. Waters Corporation systems extract and
fractionate food fats and oils, allow obtaining biologi-
cally active substances from such plants as St. John’s
wort, ginger, garlic, or ginseng, as well as purify medici-
nal herbs and foods from pesticides and herbicides, etc.
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Table 1 Extracting biologically active substances from plant materials: technical characteristics [48]

Extraction Solvent Temperature  Pressure Time Chances for Polarity of target
methods organic solvent use components
Maceration Water and organic Room Atmospheric Long High Depends on the
solvents (295.2K) extracting solvent
Soxhlet extractor ~ Organic solvents Heating Atmospheric Long Moderate Depends on the
extracting solvent
Hydrodistillation ~ Water Heating Atmospheric Long Moderate Non-polar or
moderately polar
compounds
Pressurized liquid Aqueous and non- Heating High Short Low Depends on the
extraction aqueous solvents extracting solvent
Subcritical water ~ Water Heating High Short Low Polar and moderately
extraction polar compounds
Superecritical fluid  Supercritical fluid Heating High Very short No or low Non-polar or

extraction (CO,), sometimes moderately polar
with organic co-solvents compounds
Ultrasonic Water and organic Room/heating Atmospheric Shortor ~ Low or moderate ~ Depends on the
extraction solvents moderate extracting solvent
Microwave Water and organic Room/heating Atmospheric Short Low Depends on the
extraction solvents extracting solvent

Figure 1 Waters prep supercritical fluid extraction system
(Waters Corporation, USA)

Figure 2 STS 316 supercritical fluid extraction system (Rexo

Engineering, South Korea)

Rexo Engineering (South Korea) is a major sup-
plier of supercritical extraction equipment [51]. Figure 2
shows its set for supercritical fluid extraction. The sys-
tem consists of a cryostat circulator that cools CO,, a
pump that feeds it, an extractor with a tank for raw
materials (0.5-20 L), a heated backpressure regulator,
and a separator. The process is carried out at 40 MPa
and 250°C, with an extractant flow rate of 100 mL/min.
An STS 316 extractor is made of material that is inert to
the solvent and the plant raw materials.

During supercritical fluid extraction, the solvent is
in the supercritical state and is subjected to severe com-
pression. The resulting supercritical fluid acquires the
properties of both gas and liquid. It has the same diffu-
sion rate, low viscosity, and compressibility as gas, and
the same high density and dissolving capacity as liquid.
The supercritical fluid can easily penetrate into small-
diameter pores in the deep layers of the extracted ma-
terial, where it dissolves and extracts the target compo-
nents with the rapid mass transfer, which other solvents
cannot provide. As the pressure increases, so does the
supercritical fluid density, which makes the components
more soluble. When the pressure is removed, the rapid
expansion of supercritical solutions leads to the preci-
pitation of finely dispersed solid particles. All flow re-
actors rely on this phenomenon. Unlike conventional
solvents, supercritical fluids can dissolve gases, e.g.,
hydrogen and nitrogen, thus providing a rapid and pure
hydrogenation.

A result, supercritical fluid extraction has become
a popular method that targets specific components in
various types of raw materials, including plants [52].

Supercritical solvents in obtaining biologically
active components. To be used as an extractant for bio-
logically active substances, a supercritical fluid is
expected meet the following requirements [53]: the
extract obtained has no unwanted smells or harmful
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components; the extractant is highly selective and
possesses a good dissolving capacity; the extractant
is chemically inert to the target components and the
equipment; the extractant is safe, non-flammable, and
inexplosive; the extractant is cheap, harmless, and
available, and the extractant is colorless and non-
hydrophobic.

The list of efficient solvents includes CO,, water,
ethane, methane, etc. In the supercritical state, all liquids
mix with each other; beyond the critical point, the mix
becomes a single phase.

Table 2 presents the critical values of density, tem-
perature, and pressure, at which solvents enter the super-
critical state [54].

CO, is the most popular supercritical fluid due to its
non-flammability and low critical parameters (304.15 K,
7.4 MPa). Unfortunately, its polarity in a supercritical
state is quite low. However, polar modifiers assed as co-
solvents can change the polarity of the supercritical fluid
and increase its solvating ability with respect to target
components [55].

High-pressure extractors: modernization and inten-
sification. A supercritical extractor that relies on CO,
must contain the following units: a cylinder to store
CO,, a condenser to cool CO,, a high-pressure pump, a
tank for preheating CO,, a high-pressure reactor, and
a separator to collect the extract (Fig. 3) [56].

From a cylinder (1), CO, goes to a condenser (2),
where it cools down and converts to liquid. Then, the

liquid CO, is pumped by a high-pressure pump (4) into
a thermostat (5), where it is heated to a temperature that
exceeds the temperature of transition to the supercriti-
cal state. Then, the supercritical CO, enters a high-
pressure extractor (6) loaded with plant raw materials.
Penetrating the raw materials, the supercritical CO,
dissolves the extracted substances. The supercritical
mix flows from the high-pressure extractor through
a fine adjustment valve (7) into an extract collector (8),
where the extracted substances are condensed while
the CO, turns back to gas. It can be discharged into the
atmosphere or liquified for another extraction.

Supercritical CO, extraction is one of the most
attractive methods for extracting biologically active
substances from plant materials. Its main advantage
is that it can extract heat-labile substances that are
important for pharmacy, including polyphenolic compo-
unds [57, 58]. A lot of attempts have been made to
modify the existing methods of supercritical CO, ex-
traction in order to increase the yield of target com-
ponents [58, 59].

Co-solvent. A polar co-solvent facilitates the process
of CO, extraction of polyphenolic compounds from
plant materials. A small amount of co-solvent improves
the properties of non-polar supercritical CO,, as well as
increases the rate of mass transfer and the solubility of
polar compounds [60]. Ethanol, methanol, water, or their
mixes facilitate the extraction of highly polar pheno-
lic phytocompounds [61]. The amount of quercetin was

Table 2 Critical parameters of solvents used as supercritical extractants [54]

Solvent Chemical formula Critical density, g/cm? Critical temperature, K Critical pressure, MPa
Water H,0 0.32 647.30 22.10

CO, Co, 0.47 304.15 7.39

Methane CH, 0.16 191.05 4.64

Ethane C,H, 0.20 305.45 4.88

Propane C,H, 0.22 369.95 4.26

Propylene C.H, 0.23 364.90 4.60

Methanol CH,0H 0.27 512.60 8.09

Ethanol C,H,OH 0.28 513.90 6.14

1 m-3

Figure 3 A supercritical extractor: CO, cylinder (1), refrigerator (2), flow meter (3), high-pressure pump (4), heater (5), extraction
vessel in a heating jacket (6), automatic pressure regulator (7), polymer cyclone separator (8) [49]
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reported to increase together with the ethanol content in
supercritical CO, [62]. When extracted with pure CO,,
the quercetin content in the extract was 64 pg/100 g;
when extracted with 7.36 mass.% ethanol, it was
2402 pg/100 g. However, this intensification method re-
quires an additional step to remove the co-solvent from
the extract, which should be taken into account when
calibrating the amount of the co-solvent.

Temperature and pressure. Temperature and pres-
sure affect such properties of supercritical fluids as
density, viscosity, diffusion coefficient, and, eventually,
their solvation capacity [63]. As the pressure increases,
so does the density of the extractant and the solubility of
the extracted substances. However, after a certain point,
an increase in pressure can reduce the diffusion capacity
of the supercritical extractant, thereby reducing the
amount of the extract dissolved. For instance, when the
pressure exceeded 200 atm, the extract yield went down,
following a decrease in the diffusion coefficient [64].

The correlation between the extract yield and
the temperature is more complex. On the one hand, a
temperature increase raises the diffusion coefficient and
improves the extraction yield. On the other hand, as
the temperature falls down, the vapor pressure of the
dissolved substances decreases while the extractant
gains more density, which, in turn, increases the
dissolving capacity. This chain leads to the phenome-
non called crossover pressure. Below the crossover
pressure, higher temperatures reduce the extract yield.
Above the crossover pressure, higher temperatures
increase the extract yield. For instance, the amount of
eugenol extracted from Ocimum sanctum Linn. went
down as the temperature increased at lower pressures.
When the pressure exceeded 200 bar, an increase in
temperature led to an increase in the eugenol yield [65].

Extractant flow rate. Solvent flow rate also exerts a
significant effect on supercritical extraction. An increase
in the CO, flow rate increased the extract yield as the
extractant flow in the high-pressure reactor became
turbulent. The driving force grew because dissolved
substances were carried away faster than before. This
phenomenon reduced the resistance to external mass
transfer and increased the extract yield [66]. However,
upon reaching a certain flow rate, further growth of
the solvent flow does not affect the extract yield. On
the contrary, the yield may decrease because the plant
material grows more compact in the extractor [67, 68].

Ultrasound radiation. A particular mechanical ac-
tion on plant raw materials may also increase the extract
yield. Ultrasound intensifies the process of supercri-
tical extraction. This phenomenon can be explained by
mechanical, cavitation, and thermal effects: they destroy
cell membranes, reduce the particle size, and increase
the mass transfer through membranes. The collapse
of cavitation bubbles generates microturbulence and
high-speed interparticle collisions, which accelerates
diffusion of the extracted substance [69]. The cavitation
on the surface of the source material causes a collision
of microflows, thus eroding or destroying the partic-

les [70]. Ultrasound processing made it possible to
increase the yield of flavonoids by 19% [71].

Pulse electric field. Electric field affects cell mem-
branes through the phenomenon known as electropo-
ration [72]. Electrodes produce high-voltage electric
pulses for several seconds, and the charge of the cyto-
plasmic membrane increases. Upon reaching the thre-
shold of transmembrane potential, small pores appear:
it is through them that the target component exits the
cell. This intensification method is efficient both during
raw material processing and during extraction. The
electric field method was reported to increase the yield
of polyphenolic compounds from grape skins [72] and
almond husks [73].

Enzymes. Enzymes also increase the yield of target
components during supercritical CO, extraction. They
destroy cell membranes in plant materials, thus improv-
ing the access of supercritical CO, to bioactive substan-
ces and increasing their extraction [74]. Enzymes break
the bonds between non-extractable polyphenols and
macromolecules of lignin or cellulose, converting them
into more extractable forms. This approach is suitable
for a bigger range of compounds and improves the qua-
lity of the extract. For example, tea waste treated with
enzymes allowed for a five-fold higher extract yield [75].

Extracting biologically active substances from
plant raw materials using supercritical extraction. Su-
percritical extraction is a popular method of extracting
biologically active substances. Tomatoes extracted after
a preliminary enzymatic treatment demonstrated a bet-
ter solubility in supercritical CO, [76]. Cranberry (Vibur-
num opulus L.) contains such beneficial substances as
chlorogenic and quinic acids. Kraujalis et al. [77] effecti-
vely extracted cranberries in a 50-mL Helix extractor
between two layers of cotton wool. The obtained ex-
tract contained oleic and linoleic acids, as well as a wide
range of tocopherols.

Tangerine peel proved to be a promising secondary
raw material for obtaining flavonoids by supercritical
extraction [78]. Kueh et al. [79] obtained essential oils,
sesquiterpenes, and phenols from the leaves of Mela-
leuca pentavesica. A good yield of terpenoids and to-
copherols was registered in Thymus munbyanus Boiss. &
Reut. extracts [80].

Additional co-solvents may increase the yield of tar-
get components. Bayrak et al. [81] used methanol as a
co-solvent to obtain extracts from Colchicum species.
The yield of colchicine increased, and the process be-
came more selective. Ethanol is another popular co-
solvent. Ethyl alcohol added to the CO, flow affected the
yield of triterpene saponins (ginsenosides) [82].

Mora et al. [83] considered the extraction of flavo-
noids and coumarins from industrial fruit peel waste.
Atwi-Ghaddar et al. [84] extracted dihydrorobinetin and
robinetin from Robinia pseudoacacia L. for their anti-
microbial and antioxidant properties. Quercetin, kaemp-
ferol, and catechin were extracted from the flowers of
medicinal Dendrobium plants [85]. The extracts demon-
strated antitumor, hypoglycemic, anti-inflammatory, and
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Table 3 Obtaining plant extracts using various extraction methods [76—89]

Plant raw material Bioactive substances Extractant Temperature, K Reference
(Pressure, MPa)
Tomatoes Lycopene CO, 359.2 (50) [76]
Cranberries Oleic acid, linoleic acid, tocopherols CO, 323.2(57) [77]
Tangerine peels Flavonoids Co, 303.2 (3) [78]
Melaleuca pentavecchia Sesquiterpenes and phenols Co, 316.2 (25) [79]
Thymus munbyanus Phenolic compounds CO, 343.2 (450) [80]
Colchicum Colchicine CO, + 3% methanol 308.2 (24.7) [81]
Ginseng Triterpene saponins CO, + 6% ethanol 343.2 (20) [82]
Citrus peels Flavonoids, coumarins 80% CO,, 20% ethanol 333 (30) [83]
Robinia pseudoacacia Flavonoids, phenolic compounds 80% CO,, 20% ethanol 353 (10) [84]
Dendrobium Flavonoids 40% CO,, 60% ethanol 323 (20) [85]
Pueraria lobata Flavonoids CO,, ethanol 323.54 (20.04) [86]
Odentema Flavonoids 85% CO,, 15% ethanol ~ 238.2 (20) [87]
Ziziphus jujuba Flavonoids 85% CO,, 15% ethanol ~ 324.7 (27.12) [88]
Costus spicatus Linoleic acid, flavonoids, phenols 90% CO,, 10% ethanol ~ 323.2 (14) [89]

antibacterial potentials. The total yield of flavonoids was
three times as high as in the extract obtained by ultra-
sonic circulating extraction.

Pueraria lobata Willd. is a source of five flavonoids,
i.e., puerarin, daidzin, genistin, daidzein, and genistein.
Its extracts are known for their anticancer, antigiardia-
sic, and antidiabetic properties. The supercritical extrac-
tion involved a Spe-ed SFE Basic laboratory extractor
(250 mL, USA) [86].

Odentema leaves were reported to contain a com-
plex of flavonoids, alkaloids, carbohydrates, glycosides,
saponins, phytosterols, and tannins. The main target
component was quercetin: its extracts help against
hypertension and possess excellent antioxidant pro-
perties. The supercritical extraction involved an SFE 2 X
100 F extractor (USA) [87].

Ziziphus jujuba L. leaves were extracted in a high-
pressure ASI Spe-ed SFE-2 extractor (USA). The ex-
tracts contained glycosides of kaempferol and quercetin,
which are popular in the food industry due to their anti-
oxidant, anti-inflammatory, antigenotoxic, and antiproto-
zoal activities [88].

Costus spicatus L. extracts were reported to possess
analgesic, antioxidant, antimicrobial, antifungal, and ne-
phroprotective properties. Its leaves and stems contained
triterpenes, sterols, flavonoids, saponins, alkaloids, and
tannins. A supercritical extraction with ultrasound pre-
treatment made it possible to rationalize the optimal
technological variables with the maximal flavonoid ex-
traction [89].

Table 3 provides data on supercritical extraction
from various plant raw materials, including the most ef-
ficient extractants and the main technological variables,
i.e., temperature and pressure.

Carefully selected parameters make it possible to
control the flavonoid extraction from various types of
plant raw materials. The method of supercritical ex-
traction provides their complete extraction at low tem-

peratures and requires small amounts of expensive
co-solvents, such as ethanol. As a result, the method of
supercritical extraction remains energetically and envi-
ronmentally efficient.

CONCLUSION

Berries are rich in polyphenolic compounds and
flavonoids. They boost the growth and metabolism of
beneficial intestinal microorganisms while suppressing
potential pathogens, which classifies them as prebiotics.
In addition, they can stimulate the adhesion of probio-
tic microorganisms to intestinal epithelial cells. Poly-
phenols give berry extracts their strong antioxidant
properties, which makes it possible to use them as na-
tural ingredients in meat products. The ability to inhibit
microbial contaminants in food makes them efficient
biopreservatives.

New technologies yield more valuable bioactive sub-
stances than traditional extraction methods. Supercriti-
cal fluids are a promising alternative to such expensive
solvents as hexane or dichloromethane. Carbon dioxide
used as an extractant in supercritical extraction requires
no additional stages and is environmentally neutral. In
addition, the method of supercritical fluid extraction was
approved by the Soil Association for organic foods.

Supercritical extraction is popular in Russia, China,
the USA, and Brazil. Many research articles feature no-
vel laboratory installations or extraction models with
subsequent scaling to industrial volumes.

Process control makes it possible to vary the dissol-
ving capacity of the extractant. The extraction efficiency
depends on the selectivity: a highly-selective extractant
makes it possible to obtain pure substances while main-
taining their structural integrity. Flavonoids are diverse
in structure. As a result, the extraction of target com-
ponents from plant materials requires different conditi-
ons. The optimal parameters provide the maximal yield.
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By varying the pressure, temperature, and quantity of
the co-solvent in the extractant flow, producers optimize
the extraction process, which is impossible in traditio-
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