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Abstract: The goal of this study is to obtain and characterize the complex of quercetin with gly-
cyrrhizic acid, which is known to serve as a drug delivery system. Quercetin is a flavonoid with
a wide range of biological activities, including an antimicrobial effect. However, quercetin insta-
bility and low bioavailability that limits its use in medical practice makes it necessary to look for
new nanoformulations of it. The formation of the GAQ complex (2:1) was confirmed by using UV
and FT-IR spectroscopies. It was found that the GAQ exhibited antimicrobial and antihemolytical
activities against S. aureus bacteria and its main virulent factor—a-hemolysin. The ICs value for
the antihemolytical effect of GAQ was 1.923 + 0.255 ug/mL. Using a fluorescence method, we also
showed that the GAQ bound tightly to the toxin that appears to underlie its antihemolytic activity.
In addition, another mechanism of the antihemolytic activity of the GAQ against c-hemolysin was
shown, namely, its ability to increase the rigidity of the outer layer of the erythrocyte membrane and
thus inhibit the incorporation of «-hemolysin into the target cells, increasing their resistance to the
toxin. Both of these effects of GAQ were observed at concentrations below the MIC value for S. aureus
growth, indicating the potential of the complex as an antivirulence agent.

Keywords: quercetin; glycyrrhizic acid; «-hemolysin; Staphylococcus aureus; erythrocytes;

membrane fluidity

1. Introduction

Polyphenols, among them flavonoids, exhibit a wide range of biological activities,
including an antibacterial one [1-3].

However, their use in clinical practice is limited by low bioavailability, reducing
therapeutic effects [4]. To increase bioavailability, various nanoformulations are used
which enhance the solubility of polyphenols in the lipid and liquid phases. In the first
case, liposomes loaded by polyphenols named nanophytosomes are used [5-8]. In the
second case, compounds capable of forming more soluble complexes with polyphenols are
applied. Such compounds include cyclodextrin [9,10], chitosan [11], and glycyrrhizin acid
(GA) [12-14].

GA, isolated from roots of the plant Glycyrriza Glabra, is a natural glycoside belonging
to the class of triterpenoids. Of all the complexants studied to date, GA exhibits the widest
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range of its own biological properties, such as antiviral, immunotropic, antiallergic, antitu-
mor, and antiulcer activities [12,15,16], as well as neuroprotective [17], hepatoprotective [18],
and hypoglycemic effects [19].

Various medicines have also been created on the basis of the GA and its derivatives.
For example, glycyram (monoammonium glycyrrhizinate, GC) is an anti-inflammatory
and antiallergic drug used in medical practice. Other glycyrrhizic acid derivatives are
considered to be new antiviral and immune-modulating agents [20]. There are reports that
glycyrrhizic acid is a drug candidate to treat COVID-19 [21,22].

However, in addition to a wide range of its own biological effects, GA has unique
micelle-forming and complexing properties. These properties of GA are used to obtain
an inclusion complex of GA with different medicines, allowing the creation of their new
medicinal form. The unique ability of GA is associated with the peculiarities of its struc-
ture. GA has an amphiphilic nature and consists of a hydrophobic glycyrrhetic acid
residue and two hydrophilic glucuronic acid molecules with a f3-configuration of the
glycosidic bond [4].

The GA has the ability to self-associate with the formation of a cyclic conformation,
resulting in the creation of an intraspherical space, convenient for the production of an
inclusion complex or a “host—guest” type complex where the host is GA and the guest is a
medicinal compound (pharmakon) [12,13].

In this case, GA can serve as a drug delivery system and contributes to an increase
in the absorption of the drug [12]. GA inclusion complexes were created for a range of
compounds, such as cholesterol [23], lagochilin [24], paclitaxel [25,26], and others [13]. The
formation of inclusion complexes makes it possible to increase the prolonging effect of
medicinal compounds and their stability, as well as reduce the therapeutic load/dose. It
was shown previously that the equimolar complex of GA with levomycetin significantly
increased the survival of mice infected with S. aureus, P. aeruginosa, P. vulgaris, and E. coli
compared to treatment with levomycetin or GA alone [27].

In connection with the above, we also used GA to obtain a complex with quercetin
and studied its antimicrobial activity. Quercetin belongs to flavonoids, a secondary plant
metabolite ubiquitously present in various fruits, vegetables, tea, and wine. At present,
quercetin is the most studied flavonoid exhibiting a wide range of biological activities, such
as antioxidant, anticarcinogen, antiviral, and neuroprotective ones [28,29]. Quercetin also
shows good antimicrobial activity against a number of bacteria [30-32].

However, low bioavailability and instability of quercetin makes it difficult to use it
in medical practice [29]. It was shown earlier that quercetin could form complexes with
glycyram, a monoammonium salt of glycyrrhizic acid, in a ratio of 1:1 [33].

The production of such complexes with quercetin is aimed not only at increasing the
bioavailability of the flavonoid, but also at slowing down its biodegradation, as it is known
the quercetin is easily oxidized. It was previously found that quercetin—chitosan conjugates
showed an enhancement of antioxidant and antimicrobial properties as well as of thermal
degradability [11]. It was also demonstrated that quercetin-glycyrrhizin alginate nanogels
successfully transport/deliver quercetin, preventing acute liver failure [34].

Moreover, we showed that the inclusion complex of GA with rutin (quercetin-3-O-
rutinoside) exhibited lipid-lowering activity in a model of hyperlipidemia in vivo [14].

In this paper, we synthesized a complex of GA with quercetin in a ratio of 2:1, studied
some of its physicochemical parameters, and showed its antimicrobial and antivirulent
activities against S. aureus and the main toxin of these bacteria, c-hemolysin.

2. Materials and Methods
2.1. Materials

Glycyrrhizic acid (GA) was obtained from licorice root according to a previously
known method and purified by the method in [35]. Quercetin was obtained on the ba-
sis of rutin from Japanese sophora flowers by acid hydrolysis (purity 98-99% by HPLC).
1,6-diphenyl-1,3,5-hexatriene (DPH), 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
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(TMA-DPH), a«-hemolysin, acetone (chemically pure), ethanol (chemically pure), aque-
ous ammonia (25%), glacial acetic acid (chemically pure), sulfuric acid (chemically pure),
potassium hydroxide (chemically pure), and acetonitrile were obtained from Merck (KGaA,
Darmstadt, Germany). All microbiological media used in the study were supplied by Oxoid
(Basingstoke, UK). All other reagents were purchased from POCH (Gliwice, Poland).

2.2. Preparation of GA-Quercetin Complex (GAQ)

GA (1646 g) was dissolved in 100 mL 50% C;HsOH. Then, 0.302 g of quercetin
was added to the GA solution. The resulting mixture was intensively stirred with a
magnetic stirrer for 8-9 h at room temperature. Then, the alcohol was evaporated using a

rotary evaporator. The residue was freeze-dried. The yield of the final product was 87%.
Tm. = 160-163 °C.

2.3. Measurement of UV-Visible Absorption Spectra

UV spectra were recorded from aqueous 50% C,;HsOH solutions of compounds on
a Shimadzu 1280 scanning spectrophotometer (Shimadzu, Kyoto, Japan) using a 1 cm
quartz cuvette. The slit width was 5 nm, and reproducibility was +1 nm. The mea-
surements were carried out in the UV spectral range from 190 nm to 400 nm. Scanning
speed was 400 nm/min. First, the spectrum of 50% ethanol as baseline was obtained, and
then, the spectrum of the supramolecular complex GAQ (2:1) was obtained under the
same conditions.

2.4. Measurement of IR Spectra

The IR spectra were taken in the form of tablets with KBr on a PerkinElmer IR-Fourier
2000 spectrometer (Perkin-Elmer, Buckinghamshire, UK) in the far IR region of the spectrum,
i.e., 400-4000 cm~!. Scanning speed was 30 scans/s.

2.5. Bacterial Strain and Growth Conditions

S. aureus reference strain NCTC 5655 obtained from National Collection of Type
Cultures (UK) was used in the study. Bacteria were grown overnight at 37 °C in Mueller
Hinton (MH) broth with shaking at 200 rpm.

2.6. Antimicrobial Activity—Determination of Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC)

The antibacterial activity of GAQ was assessed by monitoring the cell growth of
S. aureus NCTC 5655 using the broth microdilution method, conducted according to the
National Committee for Clinical Laboratory Standards. First, the compound was dissolved
in ethanol, and the solution was added to Mueller Hinton broth (MHB) to give a final
concentration of 7800 ug/mL. The samples were then serially two-fold diluted in bullion to
obtain concentrations ranging from 3900 to 0.94 ug/mL in a 96-well microtiter plate with
final volumes of 100 pL. Next, 100 uL of bacteria solution was injected into each well. The
final bacteria cell concentration was 1 x 10° colony forming units per mL (CFU/mL). The
plates were incubated at 37 °C for 24 h for bacteria. The MIC value was determined to be the
lowest concentration of an antibacterial agent that inhibited bacterial growth, as indicated
by the absence of turbidity. The MBC value was determined to be the lowest concentration
of antibacterial agents for which no bacterial growth on the plates was observed [36].

2.7. Hemolysis Study

The swine blood was centrifuged (837 g, 15 min, 4 °C); then, plasma and buffy coat
were removed by aspiration. Erythrocytes were thrice washed with PBS, and then, 1%
suspension was prepared in PBS. One milliliter of 1% suspension of erythrocytes was
incubated for 30 min at 37 °C in the presence or absence of GAQ at the concentration range
of 0.5-7.5 ug/mL. The 100 pL of supernatant from S. aureus (ODgg = 2.0) was added to
each sample of erythrocytes. After incubation for 60 min at 37 °C, 0.5 mL of suspension
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was taken from every sample and mixed with 1 mL of PBS. To obtain 100% hemolysis, 1 mL
of water was added to 0.5 mL of a control sample. All the samples were centrifuged, and
absorbance of supernatants was measured using a Jasco V-770 spectrophotometer (Tokyo,
Japan) at 540 nm [37].

2.8. Measurement of Erythrocytes Membrane Fluidity

The erythrocyte membrane ordering parameter was estimated by using a steady-state
fluorescent polarization technique [38]. The suspension of erythrocytes (2 mL of 0.01% in
PBS) was labeled with a fluorescent probe (DPH or TMA-DPH) at a concentration of 1 uM
(10 min, 37 °C, in dark). The fluorescence measurements of samples in the absence or in the
presence (0.005-0.075 pg/mL) of the studied compound were carried out at 37 °C using
a PerkinElmer LS-55 (PerkinElmer, Buckinghamshire, UK) spectrofluorometer equipped
with a fluorescence polarization device. The readings were taken at intervals of 2 s. The
fluorescence anisotropy values (r) were automatically calculated using the fluorescence
manager program according to Jablonski Equation (1) [38]:

Iyy — Glyy
p= VYV U VH 1
Iyy +2Glyy )

where Iyy and Iy are the fluorescence intensities emitted in vertical and horizontal direc-
tions while the exciting light beam is oriented vertically, respectively. The grating correction
factor G = (Igy/Iyn) corrects the polarizing effects of the monochromator. The excitation
wavelengths were 348 nm (DPH) and 340 nm (TMA-DPH), and the fluorescence emission
was measured at 426 nm for DPH and 430 nm for TMA-DPH. Based on the obtained values
of v, the membrane ordering parameter was calculated using Equation (2):

2
ﬂl_z(g)ﬁ(,@) |1
r
2(%)
where 1y is the fluorescence anisotropy of DPH or TMA-DPH in the absence of any rotational
motion of the probe [37]. The theoretical value of ry of DPH and TMA-DPH is 0.4. Changes
in the fluidity of the membrane of erythrocytes treated with the studied compounds in
the concentration range of 0.005-0.075 ng/mL were determined based on the ratio of the

ordering parameter of the sample in the presence of compound to the ordering parameter
of the control (in the absence of the compound) [S/S].

S =

@

2.9. Fluorescence Studies of a-Hemolysin-GAQ Interaction

Fluorescence studies of «-hemolysin interaction with GAQ were made used the
PerkinElmer LS-55B spectrofluorometer (PerkinElmer, Buckinghamshire, UK). Fluores-
cence signal (without and in the presence of GAQ) was monitored from «-hemolysin
tryptophan’s (Trp) residues using excitation and emission wavelengths Aexc, = 295 nm and
Aem. = 350 nm. Hemolysin was used at the final concentration of 100 nM and was titrated
by the increasing concentration of GAQ in the concentration range of 0.154-0.770 uM
(0.3-1.5 pg/mL, respectively). Since the GAQ can slightly absorb the excitation and emis-
sion wavelengths, raw fluorescence data (before taken to further analysis and calculations)
were corrected on the inner filter effect using Equation (3) [39]:

Aexc.+Aem.)

(
Feor = Fobs -10 2 (3)

where Agyc. and Agy,, mean the GAQ absorbances at the excitation and emission wavelengths,
whereas Fy. and the F,; are the corrected and observed fluorescences, respectively.

Corrected fluorescence was used for calculations of physicochemical parameters
characterizing a-hemolysin-GAQ interactions.
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2.10. Statistical Analysis

The results are presented as mean £ SD. The level of significance was analyzed using a
one-way ANOVA test. p < 0.05 and below was accepted as statistically significant. Statistical
analysis was performed using Origin 8.5.1 software (Microcal Software Inc., Northampton,
MA, USA).

3. Results and Discussion

Polyphenols in the form of extracts and infusions have been used as antimicrobial
agents in traditional medicine and for food preservation since ancient times [40]. The
mechanisms of polyphenols activities can be realized both at the level of whole bacteria
and directly through interaction with isolated virulent factors. In the first case, there is a
violation of the structure of the membranes, and as a result, there is an ionic imbalance, a
disintegration membrane protein, an influence on the genetic apparatus, a repression of
genes, and an inhibition of enzymatic activities and of energy metabolism [37,40]. In the
second case, polyphenols bind to virulent factors, which leads to their inactivation and to
the disruption of interaction with target cells.

Moreover, polyphenols can protect target cells against the action of toxins by inhibiting
their interaction with membrane lipids, receptors [41], or their internalization [42], or by
directly blocking their activity /permeability, which takes place in the case of pores-forming
toxins [43-45].

However, a significant increase in bacterial resistance to antibiotics leads to the search
for new medicines as well as to the modification of existing ones to improve their bioavail-
ability and reduce drug resistance development [40,46].

3.1. Physicochemical Characteristic of a New Biomaterial (GAQ) Based on Quercetin and
Glycyrrhizic Acid

The synthesis of the GAQ (Figure 1) was carried out in an aqueous ethanol medium
according to the method described in the Materials and Methods section. The complex
was obtained by traditional mixing of solutions of origin substances with a molar ratio
of components of 2:1. Next, some physicochemical characteristics of the complex and its
optical parameters were studied.

C,HsOH 50%

Figure 1. Scheme of synthesis of quercetin—glycyrrhizic acid GAQ complex (n = 2).

First, the UV spectra of the original chemical compounds and the obtained complex
were studied (Figure 2). It was shown that quercetin has two main peak absorptions in
the UV spectrum, with a maximum of 259 nm and 375 nm, respectively. The UV spectrum
of the pure GA had a maximum of absorption band at 250 nm. In the UV spectrum
of the supramolecular complex, the maximum corresponding to the GA was shifted by
5.6 nm into the long-wavelength region of the spectrum (“red shift”) and was observed at
256.6 nm, while the maximum absorption in the near region of the spectrum showed a
“blue shift” at 2.5 nm. The absorption maximum of quercetin at 375 nm does not change. It
should be noted that the binding of quercetin by GA, which has conjugated bonds in the
aromatic ring of its molecule, was manifested by the “hyperchromic effect” of a complex
maximum at 256.6 nm.
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Figure 2. UV spectrum of GAQ (2:1), quercetin (Q), and glycyrrhizic acid (GA).

In the IR spectrum of quercetin (Table 1), the following characteristic vibration fre-
quencies were found: in the frequency range of 3000-3600 cm !, 16661613 cm~!, and
1000-1100 cm™!. In the IR spectrum of GA, the following characteristic vibration bands
were observed: an intense band in the region of 3407 ecm~—!, 1715 cm ™1, and 1654 em ™1,
which refers to the stretching vibrations of the carbonyl conjugated with a double bond.
In the IR spectrum of the GAQ (2:1) complex, a strong change in the shape of the spectra
was observed, so in the region of 16001655 cm~ ! and 1726 cm ™}, there are three broad
absorption bands, which can be explained by stretching vibrations of carboxyl carbonyl
groups and the carbonyl adjacent to connections. The value of the stretching vibration
of the carbonyl of the carboxyl groups of glucuronic acid in the GA molecule changes
(1716 cm ™) in the resulting complex by 1726 cm~!, and the value of the carbonyl located
next to the double bond changes (1656 cm™!) in the resulting complex by 1690 cm™!.
This indicates that in this complex, an intermolecular hydrogen bond is formed between
quercetin hydroxyls and carbonyls of carboxyl groups or GA carbonyls located next to
the double bond in the aglycone part of the GA molecule. The broadening of the charac-
teristic vibration frequencies in the region of 34003000 cm ™! indicates the formation of
hydrogen bonds.

Table 1. Some physical /chemical parameters of the molecular complex of glycyrrhizic acid (GA) and
quercetin (Q).

Melting Point. Ethanol
Complexes Relation-ships °C with Water 50% Acetone Hexane Chloroform
Decomposition
GAQ 2:1 160-163 + + - — -
Compounds IR spectrum, cm~!
Q 3600—3000 (OH), 1666—1613 (C = O), 1100—1000 (C-O-C)
GA 3407 (OH), 1715 (C = O), 1654 (=C-C = O)

GAQ 2:1

1600, 1655, 1726 (C = O), 3400—3000 (OH)
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The formation of intermolecular hydrogen bonds during the formation of supramolec-
ular complexes was also proven by IR spectroscopy of Lagochilin, Adenine, and Kinetin
with GA and its salts [47-49].

The study of the physicochemical parameters of supramolecular complex of quercetin
with GA showed that the melting point is 160-163 °C and the complex has a high solubility
in water and 50% ethanol, but does not dissolve in organic solvents (Table 1).

3.2. Antibacterial and Antihemolytic Activity of GAQ

As an object for studying the antibacterial activity of the new biomaterial based on a
combination of GA and quercetin (GAQ), we used the S. aureus strain NCTC 5655.

S. aureus, Gram-positive bacteria, is one of the most widespread and strong pathogens
belonging to the genus Staphylococcus, causing both hospital- and community-acquired
infections as skin inflammation, pneumonia, and even sepsis. S. aureus produces a plethora
of virulence factors, including toxins. One of the main ones is x-hemolysin, which plays
an important role in diseases caused by bacterial infection [50-52]. a-hemolysin refers
to pore-forming toxins capable of exhibiting the typical 3-hemolytic activity, causing a
violation of the integrality of cells, and also breaking adherens junctions and compromising
the cytoskeleton of epithelia and endothelia via activation metalloprotease [52].

To evaluate the microbiological effect of GAQ, the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC) were determined. The results
obtained are presented in Table 2.

Table 2. Antibacterial activity of GAQ demonstrated as MIC and MBC values.

MIC MBC
GAQ [ug/mL] 487 1948
GAQ [uM] 250 1000

The minimum inhibitory concentration (MIC) of GAQ was at 487 pg/mL (250 uM),
while at a concentration four times higher, it exhibited bactericidal activity (the MBC value
is 1948 ug/mL; 1000 uM). It should be noted that the MIC value for the GAQ complex is
within the range of the MIC values (250-1000 pg/mL) shown for quercetin for different
strains of S. aureus [53], which indicates a good antibacterial activity of the studied complex.

It is known that antibacterial effects of flavonoids are determined not only by their
capability of combating bacteria but also by their antivirulent activity, which includes
reducing the production of virulent factors or neutralizing their activity.

Hemolysin is the main characteristic of the pathogenicity of S. aureus strains and has
been considered to be a target for antivirulence/antitoxin strategy [54,55].

It has now been shown that flavonoids can actively neutralize the hemolytic activity
of o-hemolysin S. aureus, causing a disturbance in the toxin structure [56-58]. Our earlier
study revealed that quercetin at the concentration range of 10-80 uM inhibited sheep
erythrocyte hemolysis induced by the S. aureus-produced o-hemolysin toxin; however, in
that case, we showed another mechanism of the antihemolytic activity of quercetin, namely,
the ability to increase the resilience of the erythrocyte membrane to the toxin [53].

Quercetin has also been demonstrated to inhibit x-hemolysin-induced hemolysis by
preventing its secretion by bacteria [59].

In connection with the above, the antihemolytic activity of GAQ was studied using
S. aureus strain NCTC 5655, which secretes only «-hemolysin. The obtained results are
demonstrated below.

It should be emphasized that GAQ itself does not induce erythrocyte hemolysis. At all
concentrations tested in the range of 0.5-7.5 ng/mL, erythrocyte hemolysis did not exceed
the control hemolysis level of 1.95 £ 0.42%.

Exposure of erythrocytes to the «-hemolysin of the S. aureus strain NCTC 5655 resulted
in hemolysis of 46.41 + 2.81% (Figure 3A), which was taken as 100% for the relative
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hemolysis analysis (Figure 3B). As shown in Figure 3B, GAQ inhibits bacterial-induced
hemolysis in a concentration-dependent manner. At the highest concentration tested,
7.5 ng/mL, GAQ reduced hemolysis to 39.77 & 1.19% compared to the control, which was
taken as 100%. The logistic equation fitting to the data revealed the ICsj value for GAQ
was 1.923 + 0.255 ug/mL.

100 o 110
100 s
80 4 -
90 -
X
& 804
Y . 0
S 60 g
0 g
2]
N
3 T g
£ 40 ©
[3) =
T kS
[0]
14
20 4
0 30 T T T T T T T T T
Control S. aureus LA
NCTC 5655 Concentration [pg/mL]

Figure 3. Inducing of hemolysis by a«-hemolysin of S. aureus NCTC 5655 strain (A) and antihemolytic
activity of GAQ biomaterial demonstrated as relative hemolysis (B). The data presented are the
means & SD. Lines are fits of logistic function to the data. Statistical significance was estimated using
a one-way ANOVA test (results compared to control, *** p < 0.001).

As was demonstrated above, GAQ possesses the ability to strongly decrease erythro-
cytes hemolysis induced by staphylococcal «-hemolysin. The observed antihemolytic
effect of GAQ can be realized through two mechanisms: (i) interaction with target cells
(erythrocytes); and/or (ii) interaction with a-hemolysin.

3.3. Influence of GAQ on the Structure of Erythrocytes Membrane

The first possible mechanism of the antihemolytic activity of GAQ may be connected
with the interaction with the target cells—erythrocytes that increase their resistance to
toxin (x-hemolysin). In this case, the interaction will be at the level of the cell membrane,
which may change its structure under the influence of the compound. The action of GAQ
on erythrocyte fluidity was analyzed using the fluorescent probes TMA-DPH and DPH,
being located at different depths of the lipid bilayer. The TMA-DPH probe allows for the
registering of changes in fluidity in the outer, hydrophilic part of the membrane, and of
changes in DPH in the inner, hydrophobic region. The fluorescence anisotropy values were
used to calculate the lipid order parameter (S) according to the Equation (2). The results are
presented as the ratio (5/Sp), where Sy and S represent lipid order parameter in the absence
and in the presence of GAQ.

Figure 4 shows that the GAQ complex was able to increase the ordering parameter
(S5/5p) of erythrocyte membranes as determined by measuring changes in the fluorescence
anisotropy of both probes. GAQ at a concentration of 0.075 pg/mL increases the ordering
parameter (S/Sp) from 1 (control) to 1.28 and 1.09 for TMA-DPH and DPH, respectively,
indicating a large increase in stiffness in the hydrophilic part of the erythrocyte membrane
compared to the hydrophobic part.
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Figure 4. Changes in the order parameter S/Sj of erythrocytes membrane in the presence of GAQ.
The data presented are the means + SD. Statistical significance was estimated using a one-way
ANOVA test (results compared to control, * p < 0.05; ** p < 0.01).

We previously showed that tannins, phenolic acid, and also the iodinated forms exhib-
ited antihemolytic activity against c-hemolysin, reducing the fluidity of the hydrophilic
part of sheep erythrocyte membrane [37,60]. It is known that the basis of the cytolytic
action of the toxin is the formation of a pore from seven water-soluble monomers. This
process is multistep and involves the binding of the monomer to the target cell membrane,
the formation of nonlytic prepore as the result of oligomerization of monomers, and a
subsequent transition to the channel [61,62]. It was shown that the liquid disorder phase
was preferable for binding hemolysin to the membrane [63]. Therefore, we can assume
that one of the mechanisms of the antihemolytic activity of the complex GAQ is to limit the
binding/oligomerization of the toxin to the membrane of erythrocytes via a decrease in its
fluidity. Previously, it was shown that quercetin exhibits antihemolytic activity regarding
to a pore-forming cytotoxin pneumolysin (S. pneumoniae), and this effect is associated with
the inhibition of oligomerization of the toxin in target cells [64].

3.4. Fluorescence Characterization of a-Hemolysin—-GAQ Interaction

Another possible mechanism of the observed antihemolytic activity of GAQ can be the
result of direct GAQ interaction with -hemolysin, leading to the inhibition of its activity. In
order to verify this hypothesis, the fluorescence analysis of x-hemolysin-GAQ interactions
was conducted.

Fluorescence studies of protein-ligand interactions are the one of the most often
used techniques due to their relative simplicity as well as the possibility to calculate
some physicochemical parameters like Stern—Volmer or quenching constants that give
basic information about interactions between guest and host molecules [65]. Fluorescence
studies clearly demonstrated that GAQ possess a strong ability to interact with a-hemolysin,
leading to a decrease in fluorescence signal, as presented below (Figure 5).
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Figure 5. Relative fluorescence (F/Fj) quenching of a-hemolysin Trp residues in the presence of
GAQ. The data presented are the means =+ SD. Statistical significance was estimated using a one-way
ANOVA test (results compared to control, *** p < 0.001).

Observed fluorescence quenching can be the results of the complexation between the
toxin and the studied compound (static quenching mechanism) and descends only from
collisional encounters between used host—guest molecules (dynamic mechanism) [66]. In
order to define which type of quenching occurred, the Stern—Volmer constant (Kgy) and
quenching constant (kq) were calculated based on the below Equation and Stern—Volmer
plot (Figure 6):

Fo

T = Kev Q] +1 4)

where Fy and F are the fluorescence of x-hemolysin without and in the presence of GAQ,
and Kgy is the Stern—Volmer constant.
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Figure 6. Stern—Volmer constant of fluorescence quenching in «-hemolysin Trp residues.
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The calculated Stern—Volmer constant describing the affinity of the quencher to the
fluorophore was Kgy = (4.778 & 0.585) x 10° M~!. We postulate that the observed high
affinity of GAQ to a-hemolysin can mainly descend from quercetin. For example, it was
demonstrated that for the interaction of four studied flavonoids, i.e., quercetin, rutin,
epicatechin, and catechin with bovine serum albumin, the quercetin possessed the highest
Stern—Volmer constant [67]. Also, Soares described that flavonoids have a strong affinity
to protein (x-amylase) [68]. It must be emphasized that quercetin, due to the fact that
it is complexed with only two glycyrrhizic acid molecules, is not completely covered by
glycyrrhizic acid molecules; thus, their ability to interact with proteins is still kept. On
the other hand, glycyrrhizic acid can also participate in the interaction with x-hemolysin.
It was demonstrated that the metabolite of glycyrrhizic acid, i.e., 183-glycyrrhetinic acid,
formed complexes with bovine serum albumin [69]; thus, the role of glycyrrhizic acid in
GAQ interaction with a-hemolysin cannot also be excluded.

Using the Stern—Volmer constant and below Equation, the quenching constant (kq)
was calculated:

Ksy
kg == ©)
where kq, Ksy, and 7ty are the quenching constant, Stern-Volmer constant, and the fluores-
cence lifetime of fluorophore molecules (5 x 1077 s), respectively.

The obtained kq value ((9.56 & 1.17) x 108 M~ 1s71) was larger than 2 x 1010 M~1s71;
therefore, it can be concluded that the fluorescence quenching of x-hemolysin tryptophan
occurred because of the static mechanism with the complex formation between «-hemolysin
and GAQ molecules. We suppose that complex formation between x-hemolysin and GAQ
is also mainly controlled by the quercetin. As was described by Kamenikova et al. [70] and
Vanekova et al. [71], quercetin binds close to the tryptophan residues of serum albumin
and quencher tryptophan fluorescence in static mechanisms.

Based on the fluorescence measurement, the binding constant (logKy,) was also calcu-
lated based on the double-logarithmic plot (Figure 7) drew according to Equation (6):

Fo—F
log {(OF)} = logK}, + nlog [Q] (6)
where Fy and F are the fluorescences without and in the presence of GAQ, respectively, and
the K}, is the binding constant.
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Figure 7. Double logarithmic plot of a-hemolysin fluorescence quenching by GAQ.
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According to Equation (4) and the above double logarithmic plot, the calculated
logarithm of binding constants had the value logK}, = 3.135 + 0.381. Molecules like
warfarin, diazepam, or racemic ibuprofen bind to proteins like serum albumin with dif-
ferent binding constants [72], and the binding can be reversible for Ky, within the range of
1-15 x 10* M~! (4-5 for logKy) [72,73]. In our experiments, the logK;, was below the
mentioned range 4-5; thus, the a-hemolysin-GAQ interaction is stronger in comparison
with the above-mentioned drugs’ interaction with albumin.

4. Conclusions

In this work, a new, complex biomaterial based on quercetin and glycyrrhizic acid
was studied in order to evaluate its antibacterial and antihemolytic activity. Quercetin is a
well-known flavonoid with a wide spectrum of biological activity that is limited by low
polarity. In order to increase their bioavailability, the complex of quercetin with a natural
glycoside, glycyrrhizic acid, belonging to the class of triterpenoids, was synthesized. GA
exhibits a broad range of its own biological properties, e.g., antiviral or immunotropic.
Based on obtained results, it can be concluded that the quercetin—glycyrrhizic acid complex
(GAQ) possesses antibacterial activity against the S. aureus NCTC 5655 strain as well as
demonstrates double antivirulence activity connected with the increase in erythrocyte
membrane rigidity that inhibits the pore-formation in red blood cell membranes as well as
strongly interacts with «-hemolysin-formed complexes with toxins that “switch-off” toxin
oligomerization and formation of hemolytic pore.

Therefore, it can be concluded that the quercetin—glycyrrhizic acid complex can be a
new potential antibacterial compound with activity that acts both on the bacteria as well as
on the level of bacteria’s virulence factors.
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